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EXECUTIVE  SUMMARY 


Existing  methods  of  disposal  of  toxic  and  hazardous  wastes  are 
expensive  and  energy  intensive.  MODAR  has  developed  a  new  process  that 
is  capable  of  destroying  highly  toxic  wastes  with  efficiencies  of  99.99 
to  99.999%.  The  overall  effect  of  the  MODAR  process  is  the  recovery  of 
energy  along  with  the  disposal  of  wastes.  In  particular: 

organic  components  are  converted  rapidly  and  efficiently  to 
carbon  dioxide  and  water; 

inorganic  components  form  salts  or  oxides  which  are  only 
.  slightly  soluble  under  process  conditions  and  may  be 

separated  as  solids; 

organic  heteroatoms  such  as  Cl,  S,  and  P  form  mineral  acids 

such  as  HC1,  H.SO.  and  H.PO,  which  can  be  neutralized 
•  .  ,2  4  ,  34  .  ... 

and  separated  as  salts  or  removed  as  an  aqueous  solution  m 

the  liquid  effluent; 

.  water  is  recovered  in  a  highly  purified  form; 

wastes  are  treated  in  an  enclosed  system  so  that  escape  of 
pollutants  to  the  environment  is  eliminated; 

the  heat  of  combustion  of  the  wastes  is  recovered  in  the  form 
.  of  supercritical  water,  from  which  power  can  be  generated  by 

conventional  supercritical  turbines. 

The  MODAR  process  is  based  on'  the  unusual  properties  exhibited  by 
water  as  a  supercritical  fluid  .  For  reasons  which  will  be  described 
b;low,  organic  substances  are  completely  soluble  in  supercritical  water 
(SCW).  In  addition,  most  organic  molecules  reform  to  compounds  of  lower 
molecular  weight  under  these  conditions.  SCW  reforming  takes  place  at 
relatively  mild  temperatures  (375-450°C)  and  at  high  pressures  (above 
220  atm).  In  the  MODAR  process,  the  products  of  SCW  reforming  are  then 
oxidized  under  SCW  conditions  at  temperatures  in  the  range  of 
450  -550  C.  This  step  of  the  process  is  generally  related  to  wet  air 
oxidation  (WAO).  The  major  differences  and  advantages  of  SCW  oxidation 
are:  (i)  complete  solubility  of  organics  and  oxvgen  (or  air)  in  SCW, 
which  eliminates  two-phase  flow;  (ii)  rapid  oxidation  of  organics  and 
\ery  short  residence  time;  and  (iii)  recovery  of  the  heat  of  combustion 
in  the  form  of  supercritical  water,  which  can  be  used  as  a  source  of  high 
temperature  process  heat  or  for  generating  power. 

Finally,  above  450°C,  the  solubilities  of  inorganic  salts  in 
water  become  extremely  small.  Since  the  products  of  SCW  oxidation  are 
;.bove  this  temperature,  any  inorganic  salts  present  in  the  feed  will 
prec i p itate  . 
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MODAR  was  formed  in  1980  to  establish  the  feasibility  of  this  new 
SCW  oxidation  process  concept  and  then  to  make  the  technology 
commercially  available  in  the  marketplace.  Funding  from  private  sources 
and  from  Federal  sponsors  has  been  utilized  to  further  the  technical 
development  of  the  nrocess.  The  SCW  oxidation  process  has  been  reduced 
to  practice  with  outstanding  technical  results.  A  bench  scale 
development  program,  described  herein,  has  been  used  to  prove  process 
feasibility.  Using  a  continuous  flow  system  that  processes  about  20 
gal/day  of  wastewaters  (including  up  to  1  gal/day  of  organic  components), 
a  broad  spectrum  of  organic  chlorides  and  solvehts  has  been  destroyed 
with  efficiencies  exceeding  99.99%.'  For  example,  PCBs  and  pesticides 
such  as  DDT  and  Lindane  have  been  destroyed  with  99.99 %  carbon 
destruction  efficiency  at  500-550°C  and  with  resident  times  of  less 
than  60  seconds.  Dinitrotoluene  (DNT)  and  4,4' -dichlorobipheny l  (DCBP), 
which  were  used  as  feeds  for  kinetic  studies,  were  both  oxidized  with 
99.99%  carbon  destruction  efficiency  under  optimum  conditions  of  reactor 
temperature  (>550°C)  and  excess  oxygen.  The  kinetic  data  which  have 
been  obtained  provide  the  basis  for  reactor  design  in  larger  scale 
svstems  wtiich  will  retain  thc-se  desirable  features.  The  bench  scale 
system  is  very  completely  instrumented.  Material  balance  closures  and 
other  quality  assurance  checks  show  that  the  data  which  have  been 
generated  are  sound. 

Bench  scale  experiments  have  also  provided  insight  into  corrosion 
and  heteroacor,  separation.  Accelerated  corrosion  testing  has 
demonstrated  that  Hastellov  C-276  and  Inconel-625  appear  to  be  unaffected 
by  our  environment,  even  under  unusually  severe  conditions.  There  are 
several  candidate  approaches  to  heteroatom  separation/removal  which  are 
promising,  although  none  of  them  has  been  tested  or  demonstrated  as  part 
of  this  project.  Finally,  preliminary  economic  analyses  provide 
estimates  of  processing  costs  for  large  scale  operation  costs  which  are 
competitive  with  conventional  thermal  oxidation  techniques  ,.  even  wi thou t 
credit  for  power  recovery  in  the  SCW  system. 

Further  development  and  commercialization  of  SCW  systems  for  waste 
processing  with  thermal  recovery  is  now  underway.  Specifically,  MODAR 
has  taken  steps  toward  the  design,  fabrication,  operation,  and  field, 
testing  of  a  larger  scale  unit.  The  objective  of  this  latest  effort  is 
construction,  operation,  and  demonstration  of  ?  SCW  oxidation  system  for 
processing  1000-1500  gal/dav  of  wastewaters,  including  up  to  50  gaL/dav 
of  toxic  organic  wastes.  This  demonstration  unit  represents  the  next 
step  in  MODAR  '  s  process  development  program,  which  will  subsequently  lead 
to  development  of  systems  with  capacities  of  1,  10  and  100  ton/day  of 
organic  waste.  The  demonstration  unit  will  be  transportable;  larger 
units  will  be  both  mobile  (at  l  ton/day)  and  stationary  (at  10  and  100 
ton/Jav)  and  will  recover  the  energy  libetated  by  the  oxidation 
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reaction.  For  the  10  and  100  ton/day  systems,  estimated  costs  are: 

10  ton/day  100  ton/day 

$5M  '  $15M 

$2. 40/gal  of  organic  $. 50/gal  of  organic 

waste*  waste 

*Note  that  this  cost  is  based  on  a  100%  organic  waste.  For  an  aqueous  waste 
containing  only  10%  organic  compounds  these  costs  would  drOp  to  $0. 25/gal  in 
the  10  ton/day  system  and  $0. 055/gal  in  the  100  ton/day  system- 

H .  BACKGROUND 

Disposal  of  hazardous  and  toxic  chemicals  has  received  widespread 
publicity  over  the  past  decade.  The  1976  Resource  Conservation  and 
Recovery  Act  (RCRA),  and  the  1980  Comprehensive  Emergency  Response, 
Compensation  and  Liability  Act  (Superfund)  gave  EPA  the  authority  to 
regulate  the  disposal  of  hazardous  wastes  "cradle  to  grave"  and  to 
provide  for  the  design  and  implementation  of  clean-up  at  existing  waste 
disposal  sites.  The  controversy  which  has  developed  over  the 
implementation  'of  RCRA  and  Superfund  serves  to  highlight  the  degree  of 
public  interest  and  the  difficulty  in  solving  some  of  the  problems  they 
pose. 

The  guidelines  that  are  evolving  for  disposal  of  toxic  and  , 
hazardous  wastes  will  clearly  limit  future  options.  Potentially 
acceptable  techniques  include  incineration,  chemical  and  biochemical 
degradation,  "controlled"  landfilling  and  solidification.  However,  the 
more  we  know  about  each  of  these  conventional  approaches,  the  more 
cumbersome'  and  costly  the  regulatory  approach  becomes.  For  example, 
controlled  incinerators  to  dispose  of  toxic  wastes  not  only  require 
extensive  air  pollution  control  equipment  to  remove  acid  vapors  as  well 
as  particulate  emissions,  but  thev  also  require  extensive  testing  to 
determine  principle  organic  hazardous  constituents  (POHCs),  products  of 
incomplete  combustion  (FICs)  and  dest met  ion. and  removal  efficiency 
( DRE ) .  Both  the  incinerator  and  air  pollution  control  systems  are 
expensive  and  energy-intensive.  Certification  is  rigorous,  expensive  and 
time  consuming. 

For  highly  toxic  wastes,  such  as  materials  containing 
2 , 3 , 7 , 8-te t rach lorod il enzod ioxin ,  even  high  temperatuie  incineration  has 
been  found  to  be  inadequate  (Btimb,  ££  aj. . ,  1980  ).  In  fact,  there  is  no 
technology  on  the  market  today  that  cc.n  assure  adequate  destruction  of 
•  such  wastes.  Obviously,  what  is  needed  is  a  new  approach,  a  new 
technology  which  can  solve  such  problems  and  still  be  simple  to  regulate. 


Capital  cost 
Processing  costs 
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Through  research  in  a  recently  explored  area  of  thermodynamics, 
MODAR  has  developed  a  new  process  that  is  capable  of  destroying 
highly  toxic  wastes  with  efficiencies  of  99.99  to  99.999%.  The 
process  is  a  new  approach  to  treatment;  it  is  aimed  at  recovering 
resources  from  wrste  material.  Organic  components  are  converted  to 
carbon  dioxide  av.d  water,  with  potential  recovery  of  the  heating 
value;  inorganic  components  may  be  removed  as  solids  or  aqueous 
solutions  of  mineral  acids;  water  is  recovered  in  a  highly  purified 
form.  The  wastes  are  treated  in  an  enclosed  system  so  that  escape 
of  pollutants  to  the  environment  is  eliminated,  reducing  regulatory 
concern.  Furthermore,  there  are  a  minimal  number  of  processing 
seeps,  so  that  the  capital  investment  should  compare  very  favorably 
with  available  processes.  The  most  significant  feature  of  this  new 
approach  is  that  it  can  be  cost-effective.  Whe;.  the  organic  content 
of  the  waste  is  greater  than  about  2%  in  a  wastewater,  the.  SCW 
process  is  fuel  se  l  f-ef  f  ic'ient .  For  organic  contents  of  10%  or 
more,  power  recovery  becomes  possible,  leading  to  energy  credits 
which  will  offset  costs  of  waste  processing. 

The  MODAR  process  is  based,  in  part,  on  a  discovery  made  in 
197 3  bv  M.  Mode l L  and  co-workers  at  M.I.T.  In  the  course  of 
investigating  the  effects  of  treating  aqueous  solutions  of  organics 
at  high  temperatures,  and  pressures,  it.  was  found  that  complex 
organic  substances  can  be  dissolved  and  broken  down  into  low 
molecular  weight  products  when  treated  under  conditions  where  water 
is  supercritical  (i.e.  above  374°c  and  220  atm).  The  discoverv 
is  the  basis  of  U.S.  Patent  No.  4,113,446,  (Modell,  et  al  1973), 
originally  assigned  to  M.t.T.  and  now  exclusively  licensed  to  MODAR. 

In  1974,  Modell  carried  this  work  one  step  further.  He 
proposed  a  new  method  of  destroying  wastes  by  dissolving  both 
organic  material  and  oxvgen  in  supercritical  water  (SCW),  and  then 
carrying  out  the  oxidation  in  the  supercritical  water  medium.  MODAR 
was  formed  m  1980  to  establish  the  feasibility  of  this  new  SCW 
oxidation  process.  Under  Model l' 9  supervision  as  President  and 
Techn ica l -Director  of  MODAR,  the  SCW  oxidation  process  has'  now  been 
reduced  to  practice  with  outstanding  technical  results.  In 
addition,  preliminary  economic  analyses  indicate  that,  the  process  is 
notentiallv  much  less  expensive  in  processing  costs,  including 
capital  recovery  than  high  temperature  incineration.  Patent 
coverage  has  been  obtained  and  a  patent  covering  SCW  oxidation  (U.S. 
Patent  No.  4,338,199,  July  6,  1987)  has  been  issued.  This  report 
describes  the  progress  to  date  in  developing  this  process  concept 
into  a  commercial  reality. 


-  H  - 


III.  INTRODUCTION  AND  SCOPE 


A,. _ Scope  of  the  Program 

This  program  was  undertaken  to  study  the  feasibility  of 
supercritical  water  (SCW)  oxidation  for  the  destruction  of  toxic  and 
hazardous  chemical  wastes.  The  specific  goals  were  these: 

1)  to  design  and  construct  a  bench-scale  system  for  conducting 
SCW  oxidation  experiments. 

2)  to  use  the  bench-scale  system  to  establish  the  technical 
'  feasibility  of  SCW  oxidation.' 

3)  to  obtain  design  data  for  commercial  scale  operation,  and 

4)  to  analyze  the  economics  of  several  scales  of  commercial 
processing. 

The  bench-scale  system  is  described  in  detail  in  IV.  A,  B,  and 
C.  The  technical  feasibility  of  SCW  oxidation  wap  demonstrated  by 
the  successful  destruction  of  a  wide  variety  of  compounds  and 
mixtures.  Bv  variations  in  process  condition.1?  such  as  temperature, 
oxygen  concentration,  carbon  concentration  and  residence  time, 
design  data  were  generated.  Three  test  Compounds,  methyl  ethyl 
ketone,  4 ,4' -dichlorob ipheny l  and  2  ,4-dinitrotoluene  ,  were  used  as 
feed  materials  for  these  experiments.  The  data  from  individual  runs 
show  that  extremely  high  destruction  efficiencies  can  be  obtained 
with  SCW  oxidation.  Analytical  and  process  quality  assurance 
procedures,  such  as  material  balance  closures,  were  implemented 
throughout  the  program.  In  addition,  corrosion  and  heteroatom 
separation  have  been  studied  and  will  be  discussed  below. 

Using  the  knowledge  gained  from  these . experiments' ,  preliminary 
process  designs  and  cost  estimates  were  made  t  r  commercial-size 
units  of  1  and  100  tons  par  day  of  organic  waste.  A  brief 
description  of  ongoing  work  to  further  the  development  of  the 
process,  based  on  the  results  of  this  program,  is  provided. 


B.  Technical  Concept  s 

In  the  supercritical  region,  water  exhibits  unusual  properties 
that  are  far  different  from  normal  liquid  water  (See  VI1T..  A.  for  a 
detailed  discussion).  The  density  of  supercritical  water 
(0.05-0.5  g./cn  )  is  low  enough  and  th"  temperature  high  enough  to 
essentially  eliminate  hydrogen  bonding.  In  the  near  critical 
region,  the  dielectric  constant  is  diminished  to  ca .  3  to  10 
.(versus  30  at  20  ,C)  and  water  becomes  an  excellent  solvent  for 
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organic  substances.  At  temperatures  above  500°c,  the  dielectric 
constant  is  less  than  2,  and ■' inorganic  salts  become  only  sparingly 
soluble  and  act  as  weak  electrolytes  (i.e.  are  present  as  molecules 
rather  than  as  ions).  Thus,  solubility  characteristics  in 
supercritical  water  are  the  inverse  of  those  in  normal  liquid  water. 

About  350°C,  water  reacts  with  organic  materials  in  a  way 
that  leads  to  the  formation  of  low  molecular  weight  products  (See 
VIII.  B).  Whereas  many  organic  compounds  tend  to  form  high 
molecular  weight  chars  at  temperatures  below  350°c,  at  ' 

supercritical  conditions  the  same  organics  are  reformed  to  gases 
(e.g.  CO,  H?,  CH , ,  CO,,)  and  volatile  organic  liquids 
(alcohols,  afdehyacs,  turans)  -r-  without  prpducing  any  char. 

The  products  of  SCW  reforming  can  be  subjected  to  oxidation 
while  still  under  supercritical  conditions  (See.  VIII.  C).  It  is 
well-known  that  aqueous  soluticns  of  organics  will  undergo  oxidation 
at  temperatures  of  200  to  300°c.  This  phenomenon  is  the  basis  of 
the  conventional  wet  oxidation  or^impro  process,  which  is  operated 
under  subcritical  conditions.  The  vet  oxidation  process  requires 
residence  times  of  20  minutes  to  1  hour  to  achieve  destruction 
efficiencies  which  are,  at  best,  mediocre  (typically  70  .to  95" 
reduction  in  total  organic  carbon).  On  the  other  hand,-  under 
supercritical  conditions  the  residence  time  required  for  oxidation 
is  extremely  small  (less  than  60  seconds),  which  reduces  the 
required  oxidizer  vessel  volume.  in  addition,  oxygen  is  completely 
miscible  with  supercritical  water  and,  therefore,  the  oxidation  can 
be  conducted  under  homogeneous  (i.e.,  single  '  phase )  conditions. 

Thus,  oxidation  under  SCW  conditions  is  an  efficient  means  of 
ultimate  disposal  of  organics. 

When  toxic  or  hazardous  organic  chemicals  are  subjected  to  SCW 
oxidation,  carbon  is  converted  to  C0?  and  hydrogen  to  H20.  The 
chlorine  atoms-  from  chlorinated  organics  are  liberated  as  chloride 
ions.  Similarly,  nitro-comiounds  should  be  converted  to  nitrogen, 
sulfur  to  sulfates,  phosphorus  to  phosphates , ’etc .  In  other  words, 
he  ter.oa.toms  should  usually  form  oxv-acid  anions.  Upon  addition  of 
the  appropriate  cations  (e.g.  Na+,  Mg ' + ,  Ca++),  inorganic 
salts  can  be  formed. 

Finally,  above  some  minimal  concentration  of  organics  (as  low 
as  2"!  with  a  suitable  process  flowsheet),  the  heat  of  oxidation  is 
sufficient  to  bring  the  supercritical  stream  to  temperatures  i< 
excess  of  550°c.  At  these  conditions,  inorganic  salts  have 
extremely  low  solubilities  in  water  (See  VIII.  A).  Thus,  inorganic 
salts  will  he  precipitated  and  can  be  separated  from  the  aqueous 
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phase.  After  removal  of  inorganics  the  resulting  aqueous  phase  is  a 
highly  purified  stream  of  water  at  high  temperature  (>500°c)  and 
high  pressure  (3700  psia).  As  such,  it  can  be  used  as  a  source  of 
high-temperature  process  heat  or  fed  to  con”entional  supercritical 
steam  turbines  for  generating  electricity. 

The  MODAR  SCW  Oxidation  Process 

The  MODAR  process  for  hazardous  waste  destruction  makes  use  of 
water  in  its  supercritical  state  (SCW)  as  the  reaction  medium  for 
carrying  out  the  destruction  of  organic  materials  by  oxidation.  Key 
to  the  success  of  the  process  is  the  fact  that  gases,  including  oxygen 
(or  air),  and  organic ' substances  are  completely  soluble  in  SCW  whereas 
inorganic  salts  exhibit  greatly  reduced  solubilities  under  process 
conditions.  Thus,  it  becomes  conceptually  possible  to  carry  out 
"combustion"  reactions  bv  dissolving  organic  substances  and  oxygen  in 
SCW  bringing  them  into  intimate  contact  in  a  single-phase  medium  at 
temperatures  and  molecular  densities  which  allow  the  conventional 
oxidation  reactions  to  proceed  rapidly  and  essentially  to  completion. 
In  fact,  one  would  expect  these  conditions  to  be  more  favorable  for 
carrving  the  combustion  reactions  to  completion  than  those  of, 
conventional  incineration  processes  where  volatilization  and  mass 
transport  of  reaction  species  are  limiting  factors,  furthermore,  the 
reduced  solubility  of  salts  makes  possible  the  direct  removal  of 
undesirable  reaction  products  through  precipitation. 

A  proposed  schematic  flowsheet  for  the  MODAR  process  described 
above  is  given  in  Fig.  1.  The  process  would  consist  of  the  following 
steps  : 

1)  The  toxic  or  hazardous  waste,  blended  with  water  to 
provide  a  mixture  of  ca .  10  wt%  organics,  is  pressurized  and 
heated  quickly  to  supercritical  conditions  to  avoid  char 
formation.  Heating  is  attained  by  mixing  the  feed  with 
superheated  SCW  which  is  generated  in  a  subsequent  step. 

2)  Air  or  oxvgen  is  pressurized  and  mixed  with  the  feed. 

Since  the  water  is  still  supercritical,  the  oxidant  is 
completely  miscible  with  the  solution  fi.e.  the  mixture  is 
a  single,  homogeneous  phase).  Organics  are  oxidized  in  a 
controlled  hut  rapid  reaction.  The  oxidizer  vessel  may 
contain  a  fixed  or  fluidized  bed,  depending  upon  the 
inorganic  content  of  the  feed.  The  "kindling"  temperature 
for  the  oxidation  is  on  the  order  of  2i)0-250°C  for  readily 


CURE  SCHEMATIC  OF  THE  HOOAR  SCW  OXIDATION  PROCESS 


OXIDANT 

COMPRESSOR 


oxidized  constituents  (Hj.CO.C^  +  hydro-carbons), 
while  more  refractory  compounds  (e.g.  CH, )  may  require 
300-400°C.  Since  the  oxidizer  operates  adiabacically , 
the  heat  released  by  combustion  of  readily  oxidized 
components  is  sufficient  to  raise  the  fluid  phase  to 
temperatures  where  all  organics  are  oxidized  rapidly. 
Typically,  the  heat  of  combustion  is  sufficient  to  raise 
the  oxidizer  effluent  to  at  least  550°C, 

J)  For  feeds  which  contain  or  produce  inorganic  salts  the 
oxidizer  vessel  also  functions  as  a  gravity  salt 
separator. 

4)  A  portion  of  the  superheated  SCW  is  recycled  to  an  eductor 
upstream  of  the  SCW  oxidizer.  This  operation  provides  for 
sufficient  heating  of  the  feed  to  bring  the  oxidizer 

;  .'i,f  1  lie  at  ;  o  stipe  rc  ri  t  ic  1 1  conditions. 

5)  The  remainder  of  the  superheated  SCW  is  available  for 
power  generation  or  use  as  high-pressure  steam.  A  portion 
of  the  available  energy  is  used  to, generate  the  power 
required  to  pressurize  feed  and  oxidant.  Note  that  the 
energy  required  to  pressurize  the  oxidant  ■  is  recovered  in 
the  expansion  of  the  products  of  combustion  in  the 
supetheated  SCW  turbine.  Thus,  the,  method  of  oxidation  is 
analogous  to  that  of  a  gas  turbine. 

,  As  a  waste  destruction  process,  the  MOPAR  concept  lias  several 
advantages  over  conventional  processes.  The  chemical  reactions  which  • 
occur  are  .carried'  out  in  a  closed  system  and,  thus,  it  is  possible  to 
maintain  total  physical  control  of  waste  materials  from  storage,  through 
the  oxidation  process,  to  tfie  eventual  discharge  of  the  products  of 
combustion  and  any  associated  wastes.  This  feature,  consistent  with  the 
FPA  definition  of  a  "Totally  Enclosed  Treatment  Facility"  (TETF), 
provides  positive  assurance  of  environmental  protection.  In  addition, 
bench -scale  results  indicate  essentially  complete  destruction  of 
chemically  stable  materials  (such  as  PCB's)  at  projected  costs  which  are 
well  within  those  presently  associated  with  hazardous  waste  operations  . 
Finally,  the  process  can  he  adapted  to  a  wide  range  of  feed  mixtures  and 
scales  of  operation. 

■IV.  APPARATUS  AND  PROCEPllRE 
A .  Rqu i pmen  t . 

The  MODAR  bench-seal’  system,  with  a  throughput  capacity  of 
about  20  gal/dav,  including  l  gal/dav  of  organic  waste,  was  designed 
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to  establish  the  technical  feasibility  of  the  key  concepts  of  SCW 
oxidation.  It  is  a  continuous  flow  system  which  simulates  the 
operational  design  of  larger,  commercial-scale  systems.  Although  the 
system's  components  have  been  under  constant  study  and  occasional 
modification  since  the  beginning  of  the  program,  it  has  always 
incorporated  three  essential  features  of  the  commercial-scale  system 
design: 

(i)  Rapid  heat-up  of  feed  to  SCW  conditions  for  dissolution 

of  organics  without  charring; 

(ii-*  Dissolution  of  oxvgen  (or  air)  in  the  reaction  mixture 
to  form  a  single  phase  at  a  temperature  high  enough  to 
"kindle"  the  oxidation  reaction;  and 

(iiil  Production  of  a  superheated  reactor  effluent 

vT  •  Pbd'c)  with  sufficient  thermal  energy  for  use  as 
a  recycle  stream  for  preheating  of  feed. 

A  tvpical  schematic  of  the  SCW  oxidation  bench-scale  system  is 
shown  in  Figure  2.  The  waste,  in  the  form  of  a  liquid,  is  pumped  to 
operating  pressure.  Pure  water  is  also  pumped  to  pressure,  heated  and 
then  mixed  with  the  pressurized  feed.  Oxidant  is  compressed  and  mixed 
with  the  hot  feed  solution  and  passed  into  a  tubular  reactor.  The 
reactor  effluent  is  cooled  and  depressurized.  Liquid  and  vapor  effluent 
streams  are  separated  and  analyzed. 

'a.  Feed  System.  Distilled  water  is  treated  with  a  Barns  teed  Nanopure  A 
purification  system  equipped  with  four  cartridges:  two  mixed-resin 
cartridges  using  c'ation  and  strong  base  anion  resins  for  deionization,  one 
cartridge  for  removal  of  organics  and  chlorine,  and  one  cartridge  containing 
a  0.2  micron  filter  for  removal  of  submicron  particulates.  Water  with  a 
resistance  as  high  as  IS  megohm- cm  can  he  obtained. 

American  Leva  diaphragm  pumps  are  used  to  pressurize  the  water  and 
waste.  These  pumps  are  equipped  with  nbv  balls  and  tungsten  carbide  seats 
in  the  check  valves  and  are  rated  for  boon  psig.  The  water  is  pumped  from  a 
polypropylene  Nalgene  bottle  through  a  >0  cc  burette,  which  .is  used  to 
measure  flowrate.  The  waste  is  pumped  f run  a  1000  cc  Teflon  reservoir 
through  a  10  cc  pipette,  which  is  used  to  measure  flowrate.  When  waste  is 
not  being  pumped  (e.g.  luring  start-up  and  shut-down),  a  three-wav  ball 
valve  allows  switching  to  wafer  contained  in  another  Nalgene  bottle. 

Bottled  oxvgen  is  conr>r"ssed  with  an  Aminr.o  (the  brand  name  is  now 
Sup  ?  rpres.su  re  )  motor-driven  diaphragm  compressor.  It  has  a  compression 


Figure  2.  Schematic  of  the  Bench-Scale  SCW  Oxidation  System 
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ratio  or  14:1  and  a  10,000  psi  pressure  rating.  Wetted  materials  are 
316SS  for  the  valves  and  302SS  for  the  diaphragm. 

b.  Preheating  and  Mixing.  A  new  feed  system  design  has  been 
developed  so  as  to  avoid  char  formation  that  usually  occurs  in  heating 
organics  above  200°c  (Modell,  et  al.,  1978).  The  pressurized  waste 
feed  is  mixed  with  superheated  water  to  bring  the  feed  to  reaction 
conditions  very  rapidly.  This  feed  injection  method  has  been  found  to 
eliminate  char  formation  in  the  feed  system. 

Distilled  water  from  the  single  diaphragm  pumphead  is  passed  through 
20  ft.  of  1/4"  high-pressure  316SS  coil  in  a  "and  bath. The  distilled 
water  is  superheated  to  a  temperature  high  enough  to  bring  the  mixture 
of  waste  and  water  to  the  desired  operating  temperature. 

The  waste  is  mixed  with  water  in  a  9/16"  high-pressure  tee  and  the 
mixture  of  waste  and  water  is  passed  through  a  short  section  of  3/8 
high-pressure  tubing.  This  tube  is  designated  as  the  "reforming  tube 
in  Figure  2  because  the  organic  waste  is  solubilized  and  reformed 
therein.  This  mixture  is  then  fed  to  the  reactor.  Oxidant  is  fed  to 
the  reactor  in  a  separate  line  and  is  dispersed  into  the  mixture  of 
waste  and  water,  all  at  supercritical  conditions. 

c.  Reactor  Svstem.  The  reactor  was  made  from  Hastelloy  C-276  and 

rated  at  5000  psi  at  T)8°C  (1000°F).  Hastelloy  C-276  was  chosen  as 
the  material  of  construction  because  it  ’ «*  the  material  used  under  the 
more  severe  conditions  of  wot  air  oxidation.  Corrosion  tests  Uagow, 
19/2-  Nelson  and  Van  Kirk,  1979)  suggested  that  it  is  the  best  material 
when ’compared  with  Ebrite  26,  MP33N,  Inconel  625,  zirconium,  Zircaloy  2, 
Elgiloy,  tantalum,  and  Tantalum  Colombium.  The  reactor  is  0.88 

i.d.  bv  3'  long.  The  seal  is  a  modified  Bridgeman  single  end. 


The  reactor  effluent  passes  through  a  tube-in-tube  countercurrent 
heat  exchanger.  The  cooled  effluent  then  enters  a  high  pressure 
vapor  - 1  i quid  separator,  operated  bv  two  control  valves  (as  shown).  The 
gaseous  effluent  is  mixed  with  the  gases  from  the  low  prer.su re  separator 
and  the  mixed  flow  is  measured  by  a  gas  flowmeter.  Samples  are  analyzed 
periodically  by  an  on-line  system  described  below.  Analyses  are 
performed  for  volatile  organics  ,•  CO ,  II,,  CO.,,  NO  ^ ,  NjO  and  0^. 


1  d .  l.ow_ 
h  i  ’,b  pres  stir 
where  genes 
returned  to 
separator  is 


Pressure  Phase  Separation.  The  liquid  effluent  from  the 
Tr'sepa7TFoT'l~fe,l  to  a  low  pressure  gas-liquid  separator 
which  were  dissolved'  at  high  pressure  are  released  and 
the  gas  capture  'svstem.  The  liquid  el  fluent  from  the 
measured  on-line  for  pH  and  then  collected.  Liquid 


effluent  samples  are  taken  every  half  hour  and  analyzed  as  discussed 
below. 


e.  Temperature  Measurement.  Temperatures  are  monitored  with  type  K 
thermocouples.  There  are  a  total  of  eight  thermocouples:  in-line  in  the 
water  from  SCW  heater;  in-line  in  the  feed-water,  cross;  in-line  in  the 
oxygen-water  cross;  top,  middle  and  bottom  of  the  reactor  on  the 
exterior  surface;  in-line  after  the  reactor;  and  in-line  after  the  heat 
exchanger. 

f.  System  Control  and  Data  Storage.  Temperatures,  pressures  and 
separator  liquid  levels  are  controlled  by  an  Analog  Devices  MACSYM  2 
microcomputer.  This  microcomputer  is  also  used  for  data  acquisition 
from  all  thermocopu  les ,  pressure  tranducers  ,  flowmeters,  pH  meter  and 
process  gas  analyzers. 

B.  Procedures.'  The  independent  operating  variables  which  control 
the  degree  of  oxidation/destruction  are:  (i)  temperature,  (ii) 
residence  time  (iii)  oxygen  concentration  and  ( iv )  carbon 
concentration.  The  bench,  scale  system  is  designed  to  operate  as  a 
continuous  flow  reactor  under  steady-state  conditions.  The  operating 
procedure  is  to  set  valuer  v£  each  of  these  independent  variables,  to 
allow  the  system  ju[cicient  time  to  reach- steady  state,  and  then  to 
sample  and  analyze  the  liquid  and  vapor  effluent  for  partially  oxidized 
and  residual  organic  materials. 

The  typical  procedures  for  a  run  are  as  follows: 
a  .  Start-up  Procedure  . 

1.  Turn  oh  the  process  control  computer. 

2.  -  Calibrate  the  GC  before  run  a. id  zero  all  process  analyzers. 

3.  Turn  on  heat  exchanger  cooling  water. 

4.  Turn  on  pumps  (with  water  only)  to  flowrates  specified  for  the 

run.  , 

5.  Adjust  the  pressure  to  the  pressure  specified  for  the  run. 

6.  When  the  system  reaches  operating  pressure,  turn  on  heaters  and 
heating  tapes  using  the  process  compu ter . 

7.  Measure  influent  and  effluent  flowrates  and  check  the  system 
for  leaks. 

3.  When  r fio  system  reaches  operating  temperature,  take  a  blank 
liquid  sample. 

9.  Turn  on  the  oxidant  compressor  to  the  flowrate  specified  for  the 
run. 

10.  When  all  operating  variables  have  reached  the  desired  values,-, 
switch  feed  from  deionized  water  to  the  feed  under  study. 
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b.  Operating  Procedure. 


1.  Set  the  date  logging  time  so  a  printout  of  temperatures, 
pressures  and  flowrates  is  done  periodically. 

2.  Take  a  GC  of  gas  effluent  every  20  minutes. 

3 1  Take  4-40  cc  liquid  samples  every  30  minutes  for  total  carbon, 
pH  and  Cl  analysis. 

4.  Take  50  cc  liquid  sample's  for  GC/MS  analysis  every  30  minutes. 

C.  Analyses.  The  following  techniques  were  used  for  the  analyses 
of  the  effluent  streams:  total  organic  carbon  analysis  (TOCA),  pH, 
inorganic  chloride  and  nitrate  electrodes,  and  gas  chromatography /mass 
spectrometry  (GC/MS)  on  liquid  effluent;  gas  chromatography  (GC)  and 
process  gas  analyzers  on  the  gaseous  effluent.  A  detailed  discussion  of 
the  instrumentation  and  the  methods  of  operation,  calibration,  etc.  is 
presented  in  the  Section  VIII.  D.  Classical  quality  assurance 
techniques  were  used  to  make  sure  that  analytical  results  were  valid, 
these  include  blanks,  "unknowns"  and  calibration  samples.  A  discussion 
of  the  procedures  is  not  provided  in  this  report,  but  the  data  from  each 
run  do  include  the  results  of  material  balance  closure  calculations 
which  depend  on  flow  and  analytical  measurements.  The  fact  that  these 
balances  closed  quite  well  indicates  that  the  chemical  analyses  are 
within  acceptable  limits  of  accuracy  for  the  purposes  of  this  program. 


V  .  RESULTS'  AND  DISCUSSION 

A . Preliminary  Screening  Experiments .  Upon  completion  of  the 

construction  of  the  bench-scale  system,  this  series  of  tests  was 
conducted  to  shake  down  the  system.  The  test  compounds,  which  were 
chosen  for  their  low  toxicity,  were  dextrose  (as  an  aqueous  solution), 
cyclohexane,  benzene,  methyl  ethvl  ketone  (MEK),  and  a  solution  of 
biohenvl  in  cyclohexane  (18  wt”(  biphenyl).  In  reports  on  the  results  of 
these  and  later  tests,  a  consistent  set  of  terms  is  used.  These  are 
defined  in  Table  l. 

A  summary  of  the  "screening  test"  results  is  given  in  Table  2.  Note 
that  in  the  early  experiments,  tiie  temperature  is  given  as  3  range. 

These  values  represent  the  inlet  and  outlet  fluid  temperatures  (i.e. 
in-line  before  and  after  the  reactor;  see  Fig.  2).'  In  these  early 
tests,  the  reactor  furnace  was  not  well  suited  to  the  task  of 
controlling  the  temperature,  as  there  was  a  sizable  heat  leak  from  the 
bottom  of  the  reactor  (corrected  after -run  A). 

Dextrose  (i.e.  glucose)  is  a  relatively  easy  compound  to  oxidize 
and,  therefore,  represented  a  suitable  choice  for  the  first 
experiments.  The  destruction  efficiency  of  99  .bZ  observed  in  run  3  is 
typical  for  the  oxidation  of  this  sugar,  ov<‘n  at  temperatures  as  low 
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Temperature  (°C) 

Residence  Time 
(min )* 

Organic  Carbon 
In  (ppm) 

Organic  Carbon 
Out  (ppm) 

Destruction 

Efficiency  (/O 

Combustion 

E  f f ic ienc v  {%) 


Excess  Oxvgen  ('/) 

0 rganic  Ch  1  o r i d e 
Nitrogen  In  (ppm) 

Organic  Chloride 
Out  ( ppm ) 

Organic  Chloride 
Conversion  (%) 


TABLE  1.  DEFINITION  OF  TERMS 


Unless  otherwise  stated,  temperature  is 
that  of  the  external  surface  of  the  reactor. 

Volume  of  reactor  divided  by  volumetric  flow 
rate  of  water  input  plus  water  from  oxidation  of 
feed,  assuming  density  of  water  equals  0.3. 

Carbon  content  of  organic /water  feed  mixture 
as  it  enters  the  reactor. 

Total  carbon  in  liquid  effluent  after 
sparging  or  total  carbon  minus  inorganic  carbon. 

(Organic  Carbon  In  -  Organic  Carbon  Out)  x  100 
Organic  Carbon  In 

[C02/(C0,  +  CO  +  CH  4 ) 1  x  100 
concentrations  in  the  effluent  vapor,  as 
measured  by  GC  analysis. 

(Oxvgen  (Stoichiometric 

I npn t ) _ - _ oxvgen  requirement’)  x  100 

Stoichiometric  oxygen  requirement 

Chloride /Nit rogen  content  of  organic /water 
feed  mixture,  as  it  enters  the  reactor 

Residual  organic  chloride  as  determined  by 
GC/MS. 

(Organic  Chloride  In  -  Organic  Chloride  Out)  x  100 
Organic  Chloride  In 


In  general,  values  ci^ed  for  resilience  time  are  in  excess  of  the  true 
value.  This  is  due  to  the  assumption  of  the  0.3  g/cc  densitv.  In  £.11 
experiments  where  the  temperature  is  400°C  or  greater  the  densitv  of  the 
reactor  fluid  is  less  than  0.3  (ranging  to  as  low  <;s  0.1  at  600°C) 
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TABLE  2.  PRELIMINARY  SCREENING  TESTS 


Run  No. 

3 

4a 

4b 

5a 

Feed  Material 

Dext  rose 

Cyclohezane 

Biphenyl  + 
Cyclohezane 

Temperature  (°C) 

440-400 

435-390 

445-390 

450-393 

Residence  Time  (min.) 

6-8 

6-8 

6-8 

6-8 

Carbon  Analysis 

■ 

Organic  In  (ppm) 

20  ,000 

21  ,400 

21 ,400 

28,700 

Organic  Out  (ppm) 

80 

1,200 

8.8 

50 

Destruction  Efficiency  (7) 

99  .6 

94.4 

99.97 

99.8 

■Combustion  Efficiency  (7) 

95.3 

79 .2 

99.5 

99.4 

Gas  Composition 

7.5 

1.5 

24.8 

3.8 

C°  2 

«8.3 

73.7 

74.3 

95.1 

C\ 

0.3 

1.2 

0.4 

0.2 

H2 

'-'.5 

3.2  ■ 

- 

- 

CO 

4.1 

t3 .2 

'  0.4 
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5b 

6 

11a 

9a 

lib 

9b 

Biphenyl  + 

Benzene 

MEK 

MEK 

MEK 

MEK 

Cyclohexane 

450-393 

90-320 

430 

440 

460 

460 

6-8 

3 

4.2 

4.4 

4.2 

3.2 

23,700 

36,900 

21  ,300 

'23,200 

21 ,900 

24,930 

7.5 

540 

108 

23.0 

7.9 

4.8 

99  .97 

98.5 

99.49 

99.88 

99.96 

99.98 

99.8 

93.4 

96.1 

100. 

100. 

100. 

17.7 

9.3 

71.7 

29.33 

42.4 

44.61 

81  .8 

87.9 

11.4 

73.14 

42.2 

45.34 

0.1 

0.2 

- 

- 

- 

- 

0.08 

- 

- 

- 

0.1 

1.2 

- 

' 

- 

- 

1 


as  400°c.  Note  that  the  combustion  efficiency  of  95.3%  is  the  result 
of  incomplete  oxidation  of  CO  (4.1%  in  gaseous  effluent).  In  general, 
we  have  found  that  CO  oxidation  is  not  complete  at  400  C  and  that 
residual  CO  concentration  is  sensitive  to  the  amount  of  excess  oxygen. 

The  feed  for  run  4  was  cyclohexane.  The  results  of  run  4a  are 
typical  of  those  experiments  which  are  run  lean  in  .oxygen.  In  general, 
the.  removal  of  organics  from  liquid  effluent  is  good  as  is  evidenced  by 
high  destruction  efficiency  (94.4 %  in  run  4a),  but  the  combustion 
efficiency  is  low.  Thus,  the  conversion  of  feed  materials  to  low 
molecular  weight  vapors  and  gases  appears  to  occur  rapidly,  while 
oxidation  of  gaseous  species  such  as  CO  and  CH^  seems  to  be 
ra te- limit ing .  Comparison  of  run  4b,  in  which  excess  oxygen  is  present, 
with  4a  shows  that  the  rate  of  oxidation  of  the  gaseous  species  is 
sensitive  to  the  oxygen  concentration,  as  would  be  expected  for  the 
rate-limiting  step. 

In  run  5,  a  solution  of  biphenvl  in  cyclohexane  was  used  as  the 
feed.  Comparison  of  run  5b  with  4b,  both  of  which  had  excess  oxygen, 
shows  that  oxidation  of  aromatic  hydrocarbons  is  as  efficient  as  that  of 
aliphatics,  even  at  moderate  temperatures  cf  400  to  450°C. 

Run  .6,  with  benzene  feed,  was  conducted  at  a  .higher  flowrate  and, 
thus,  shorter  residence  time.  Due  to  insufficient  temperature  control, 
the  reactor  effluent  was  below  the  critical  temperature  of  water.  Even 
so,  the  destruct  ion  and  combustion  efficiencies  were  reasonable. 

In  runs  9  and  11,  with  MEK  feed,  a  new  reactor  furnace  had  been 
built  and  temperature  control  was  improved  substantially.  Comparison 
of  the  results  of  these  runs  show  that  at  3  to  4  min.  residence  time, 

MEK  destruction  efficiency  increased  by  one  to  two  nines  (i.e.  99.49% 

to  99.99%)  with  a  30°C  rise  in  temperature  (430  to  460°C).  The  ease 
with  which  MEK  is  oxidized  unde;  ECW  conditions  led  us  to  choose  MEK  as 
the  solvent  for  subsequent  tests  with  chlorinated  hydrocarbons . 

B_. _ Preliminary  Study  of  the  Oxidation  of  Chlorinated  Organics. 

This  series  of  tests  was  conducted  to  determine  the  ease  or  difficulty 
of  oxidizing  organic  chlorides  and  whether  anv  byproducts  of  concern 
would  be  formed.  In  particular,  these  exploratory  experiments  were  used 
to  define  the  conditions  under  which  high  destruction  efficiencies  could 
be  achieved. 

The  teed  materials  and  compositions  for  each  n  n  in  this  series  are 
given  in  Tables  3a  and  3b.  Chronologically,  we  began  this  series  with  a 
model  compound,  d ich lorod i phony  1  t r ich loroe thane  (DDT),  and  progressed 
to  more  complex  mixtures. 
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TABLE  3a.  COMPOSITION  OF  FEED 

MIXTURES  FOR  RUNS  10 

-  12 

wt  % 

wt  %  Cl 

in  feed 

in  feed 

Run  10 

DDT 

C14»9C15 

10.3 

5.157 

MEK 

w 

89.7 

- 

, 

100.0 

5.157 

Run  11 

DDT 

c,4h,c1, 

4.32 

2.133 

MEK 

C4HS° 

95.68 

100. o' 

2.133 

Run  12 

1  .  1  ,  1-trichloroethane 

C2h3c13 

1  .01 

0.806 

1,2-ethvlene  dichloride 

c2h2ci2 

l  .01 

0.739 

l  ,  1 ,2,2-tetrachlorehvlene 

c2ci4 

1.01 

0.866 

o-ch lorotoluene 

C  H?C1 

1  .01 

0.282 

1  ,  2  ,  4-trich lorobonzene 

C6H3C13 

1.01 

0.591 

hiphenv 1 

C 1  2H 1 0 

1  .01 

- 

o-xvlene 

VlO 

5.44 

- 

MEK 

C4H3°  . 

88.48 

100.0 

TTIbI 
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TABLE  3b.  COMPOSITION  OF  FEED 

MIXTURES  FOR  RUNS  13 

-  15 

wt  % 

wt  %  Cl 

in  feed 

in  feed 

Run  13 

he  xachlorocy c lohexane 

C6H6C16 

0.69 

0.497 

DDT 

W*5 

1.00 

0.493 

4,4' -d i ch 1 o rob i phenyl 

cu"acl2 

1.57 

0.495 

he xach lorocyc  lopentadiene 

Scl« 

0.65 

0.505 

MEK 

c4h8o 

96.09 

_ 

100.0 

1.99 

Ru  n  14 

PCB  1242 

C12"xC14-6 

0.34 

0.14 

PCB  1254 

C12HxC15-3 

2.41 

1.30 

transformer  oil 

C10-C14 

29.26 

- 

MEK 

C4H8° 

67.99 

100.0 

1744 

Run  15 

4,4' -dichlorobiphenyi 

C12H3C12 

3.02 

'  .96  ’ 

MEK 

C4H8° 

96.98 

- 

100.0 

0.96  ’ 
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A  summary  of  the  results  for  this  series  is  given  in  Tables  4a  and 
4b.  Note  that  the  compounds  identified  by  GC/MS  analysis  are  identified 
by  letters  at  the  bottom  of  Tables  4a  and  4b;  the  structures  are  given 
in  Table  5.  Using  the  methods  described  in  Section  VIII.  D.4  (p.  80) 
the  mass  spectra  were  searched  for  each  of  the  compounds  shown  in  Table 
5;  only  those  found  in  one  experiment  or  another  are  given  in  Tables  4a 
and  4b.  In  other  words,  compounds,  A,D,G,I,J,L  and  P  were  not  present 
in  the  test  results  shown  in  Tables  4a  and  4b.  It  should  be  especially 
noted  that  chlprinated  dibenzo-p-dioxins  were  never  found  in  any  of  our 
e  f  f  luent  s ,  even  though  their  mass  spectra  were  specifically  searched 
for.  Detection  limits  for  the  GC/MS  runs  were  0.1  ppb .' 

The  results  of  run  10,  with  a  solution  of  DDT  in  MEK  as  the  feed, 
illustrate  an  important  generality  that  we  have  observed  in  other 
cases.  As  discussed  in  the  preceding  subsection,  440°C  and  a 
substantial  excess  of  oxygen  are  sufficient  to  oxidize  the  MEK  solvent 
rather  well.  On  the  other  hand,  the  carbon  destruction  efficiency  for 
run  10  is  onlv  97.6%  We  conclude  that  the  DDT  solute  is  more  resistant 
to  oxidation  than  the  MEK  solvent,  which,  of  course,  is  not  surprising. 
However,  one  may  be  surprised  by  the  finding  that  the  organic  chloride 
conversion  is  99.99%.  It  appears  that  the  chlorinated  aromatics  are 
readily  decomposed  by  reforming  and/or  oxidation,  although  they  are  not 
complete!  oxidized  at  450°C  within  three  or  four  minutes  residence 
time  . 


The  results  of  run  11,'  as  shown  in  Table  4a,  are  representative  of 
one  of  our  most  important  findings:  In  the  neighborhood  of  5QD°C, 
organic  chlorides  can  be  destroyed  by  SCW  oxidation  with  efficiencies 
above  99.99%.  In  run  11,  at  50  5f,C,  both  carbon  destruction  efficiency 
and  organic  chloride  conversion  exceed  99.99%.  Comparison  of  run  11 
with  run  10,  both  with  a  DDT /MEK  feed,  show  that  the  increase  of  50  to 
approximately  60°C  is  more  than  sufficient  to  enhance  carbon 
destruction  efficiency  by  two  nines  (97.6  to  99.993%). 

The  feed  for  run  12  consisted  of  a  mixture  of  five  organic  chlo'-idc" 
(Table  3a),  two  of  which  were  aromatic  chlorides  (o-chlorotoluene  and 
1,2,4-trichlorobenzene).  Once  again,  the  carbon  destruction  efficiency 
exceeded  99.99%.  The  reported  organic  chloride  conversion  is  99.997%. 
However,  we  must  keep  in  mind  that  organic  chlorides  more  volatile  than 
d i ch lorome thane  (the  extractant  for  GC  MS  analysis)  won  la  not  have  been 
identified  by  our  present  analytical  methods.  Head  space  analysis  of 
the  liquid  effluents  or  purge-and-trap  analysis  of  the  gaseous  effluent 
would  be  required  to  determine  the  extent  of  conversion  of  compounds 
such  as  chlorinated  ethanes  and  ethvlenes.  On  the  other  hand,  other 
experiments  have  shown  that  low  molecular  weight  organic  chlorides  are 
readily  oxidized  under  these  conditions. 


TABLE  4a.  OXI DATION  0 F  ORGANIC  CHLORIDES 
RUNS  10,  11,  12 


Run  No. 

10 

11 

12 

1  " 

” 

Temperature  (°c) 

'  446 

505 

495 

Residence  Time  (min.) 

2.6 

3.7 

3.6 

Carbon  Analysis 

Organic  Carbon  In  (ppm) 

23,300 

26,700 

25,700 

Organic  Carbon  Out  (ppm) 

558 

2.0 

1.0 

Destruction  Efficiency  ( ) 

97  .6 

99.993 

99.996 

Combustion  Efficiency  (%) 

90.2 

100. 

100. 

Gas  Composition 

°2 

43.5 

25.58 

32.34 

co2  _  - 

38 .6 

59.02 

51 .03 

CM, 

0. 1 

- 

- 

h2 

_ 

_ 

_ 

CO 

4.1 

- 

- 

Excess  Oxvgen  ( X  ) 

76.2 

31.7 

47.3  • 

Chloride  Analysis 


Organ  ic 

Ch 1  or ide  I n  ( ppm  1 

1,855 

876. 

1266. 

O rga n  i  o 

Chloride  Out  (ppm) 

.447 

.02  3 

.037 

0  rgan  i  c 

Chloride  Conversion  ( ) 

00  ,0.s 

99.997 

99.997 

OC/MR  Effluent  Analysis 

Campon  :v 

!  B  (  ppb  C  l ) 

32 

_ 

„ 

C 

127  ‘ 

- 

- 

17 

89 

- 

9 

r 

- 

13 

12 

H 

31 

■  - 

- 

•/ 

1  13 

5 

16 

M 

N 

0 
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TABLE  4b.  OXIDATION  OF  ORGANIC  CHLORIDES 
RUNS  13,  14,  15 


Run  No. 

Temperature  (°C) 
Residence  Time  (min. ) 


n 

14 

488 

510 

3.5 

3.7 

Carbon  Analysis 

Organic  Carbon  in  (ppm) 
Organic  Carbon  Out  (ppm) 
Destruction  Efficiency  ( 7, ) 
Combustion  Efficiency  (%) 


24,500  38,500 

6.4  3.5  . 

99.97;  99.991 

100.  100. 


Gas  Composition 


2 

CO 


2 


CH 


4 


Excess  Oxvgen  (*'?) 

Ch  lor ide  Analysis 

Organic  Chloride  In  (ppm) 
Organic  Chloride  Out  ( opm ) 
Organic  Chloride  Conversion  ('!) 

'GC/ M S  Effluent  Analysis 

Compound  B  ( ppb  Cl,) 

C 


H 

K 

M 

N 

0 


37.10  10.55 

46.86  70.89 


57.9  10.5 


748  . 

<.023 

99.996 


775. 

.032 

99.996 


18, 

<4  ■ 

1 5  6 

0.2 

0.3 

12 


L5 

500 

4.4 


33,400 

9.4 

99.97 

100. 


19.00 

70.20 


19.8 


481  . 
.036 
99.993 
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It  should  be  noted  that  chlorinated  compound  K,  which  is  DDE  (see 
Table  5),  was  found  in  the  liquid  effluent  of  run  12,  alchough  the 
concent  rat  ion  was  minute  (16  ppb).  It  is  extremely  difficult  to  accept 
the  hypothesis  that  the  DDE  was  formed  by  reaction  or  rearrangement  of 
any  of  the  chlorinated  organics  in  the  run  12  feed.  We  are  more  apt  to 
believe  that  we  had  cross-contamination  of  samples  from  the  low 
pressure,  room  temperature  portion  of  our  bench-scale  system  (i.e.,  the 
apparatus  downstream  of  the  high  pressure  vapor-liquid  separator  in  Fig. 
2).  To  prevent  cross-contamination,  an  acetone  wash  system  was 
installed  before  run  16. 

The  feed  for  run  13  was  a  mixture  of  four  non-volatile  chlorinated 
organics,  including  hexach lorocyc lohexane  (Lindane)  and 
4 ,4' -dich lorob ipheny l  (a  model  PCB  compound),  both  of  which  should.be 
relatively  stable.  As  shown  in  Tables  4b,  the  carbon  destruction  and 
chlorine  conversion  efficiencies  were  very  good,  the  latter  being 
somewhat  higher  than  the  former. 

The  feed  for,  run  14  was  a  mixture  of  spent  transformer  oil, 
containing  two  PCB's,  which  was  diluted  with  MEK.  Once  again,  both 
carbon  destruction  and  chlorine  conversion  exceeded  99.99%.  Note  that 
the  residual,  organic  chlorides  identified  by  GC/MS  (compounds  E,K  and  0) 
are  all  DDT-related  species.  Thus  those  trace  quantities  are  probably 
cross-contaminants  from  pin  13.  It  should  also  be  noted  that  for  run 
14,  mass  spectra  were  searched  for  all  chlorinated  hiphenvls.  That  is, 
we  specifically  looked  for  trace  quantities  of  tri-,  tetra-,  penta-  and 
he xa-ch 1 orob i pheny 1  ,  in  addition  to  the  mono-  and  di-chloro  species 
(compounds  M  and  N  in  Table  5).  At  the  detection  limit  of  <  10  ppb, 
none  of  these  chlorinated  biphen v  l s  were  found .  If  we  d i s c ou n t 
compounds  E,  K  and  0  as  cross-contaminants,  then  the  chlorinated 
biphenvl  conversion  efficiency  is  >99.9994%. 

Run  15  was  an  experiment  with  a  model  PCB  4,4' -dichlorobiphenvl 
(DCBP).  This  material  was  chosen  for  study  of  reaction  kinetics,  as 
discussed  in  subsection  V.D.,  below.  The  results  obtained  in  run  15,  at 
500°C,  were  excellent  once  again. 

C.  Performance  Capacity.  Possibly  the  kev  question. in  anv  analysis 
of  the  desirability  of  SOW  oxidation  (vis  a  vis  competing  processes)  is 
that  of  determining  how  well  it  can  perform  as  a  destruction  system.  We 
feel  that  the  body'  of  data  available  now  is  sufficient  to  make  it  clear 
that  the  process  works  substantially  better  in  this  regard  than 
conventional  combust ion/incinorat ion  techniques.  With  the  operation 
conditions  optimized,  the  destruction  efficiencies  for  methvl  ethvl 
ketone  ( MKK  )  ware  99.99-99.999%.  These  data  and  the  kinetic  analysis 
outlined  below  indicate  that  commercial  designs  can.be  developed  to 
provide  'or  the  destruction  of  earbon-contai.ni.ig  feeds  to  any  desired 
degree. 
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Table  5.  Compounds  Searched  by  GC/MS  Analysis 


Notes:  p-Tson.ers  are  assumed’,  ■  based  on  the  position  of  the 

chlorine  atoms  in  the  starting  materials. 


Compound  F  -  No  authentic  MS 

Cor  poind  C  -  No  MS  available  in  literature 
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D.  Special  Kinetic  Studies.  A  series  of  tests  has  been  run  in 
order  to  gain  further  insight  into  the  reaction  kinetics  of  organic, 
substances  combusted  by  oxygen  in  the  SCW  medium.  In  addition  to 
providing  a  basis  for  the  prediction  of  what  residence  time  is  necessary 
to  produce  a  given  destruction  efficiency  at  higher  temperatures,  we 
should  gain  additional  theoretical  ins  ght  into  reaction  mechanisms 
under  these  conditions., 

In  order  to  determine  the  kinetics  of  a  reaction,  one  must  operate 
under  conditions  in  which  the  reaction  is  significantly  less  than 
complete.  Thus,  we  set  up  a  matrix  of  temperatures  and  residence  times 
which,  we  had  hoped,  would  result  in  conversions  less  than  99%.  In 
order  to  provide  meaningful  results,  the  organic  feed  concentration  was 
reduced  to  about  1  wt%  carbon  in  water  so  that  the  reactor  would 
approach  isothermal  conditions. 

Data  were  taken  for  three  feedstocks,  methly  ethyl  ketone  (MEK),  3% 

4  ,4' dichlorobipheny 1  (D08P)  in  MEK,  and  3%  2 ,4-dinitvotoluene  (DNT)  in 
MEK. 


from  experimental  data,  rate  constants  were  calculated  for  both 
first  order  and  second  order  mechanisms.  These  results  i^ere  not 
definitive,  mechanistically,  but  they  do  augment  the  available  data  base 
for  the  process  and  emphasize  the  conclusion  that  high  destruction 
efficiencies  are  consistently  obtained  ac  temperatures  of  500°C  or 
above.  A  more  quantitative  discussion  of  these  experiments  may  be  found 
in  an  addendum,  "Detoxification  and  Disposal  of  Hazardous  Organic 
Chemicals  bv  Processing  in  Supercritical  Water,  Limited  Rights  Data". 

E.  Partial  oxidation  and  reforming  of  2 ,4-dinitrotoluene.  This 
series  of  tests  was  undertaken  to  determine  the  effect  of  temperature 
and  oxvgen  concentration  on  the  fate  of  DNT-ni trogen .  For  these  tests, 
the  DMT  concentration  was  considerably  higher  than  that  used  in  the  DNT 
kinetics  experiments  described  in  subsection  D,  above. 

The  first  experiment  in  this  series,  high  concentration  MEK  only 
(Run  68),  was  done  to  establish  a  baseline  for  the  remainder  of  the 
series,  and  as  expected  we  had  very  high  efficiencies,  above  four 
nines.  The  next  experiment  (Run  69)  was  with  12  wt%  DNT  in  MEK  as 
shown  in  Tables  6a  and  6b.  The  destruction  and  combustion  efficiencies 
w-’re  both  higher  than  the  run  with  MEK  only.  For  the  first  time  in  a’ 

DNT  run  we  were  able  to  obtain  a  good  closure  of  the  nitrogen  balance. 
Also  in  this  series  (Run  70A )  we  wer-^  able  to  opere.te  with  a  very  small 
amount  of  excess  oxygen  and  still  maintain  efficiencies  of  four  nines  or 
better.  In  fact  as'  one  lowered  the  oxvgen  input  to  just  below  the 
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TABLE_ 

6a.  OXIDATION  AND  REFORMATION  OF  DNT 

Runs  68-70b 

Run  No. 

68 

69 

70  A 

70B 

Feed  Material 

MEK 

12% DNT /MEK 

12% DNT /MEK 

12% DNT /MEK 

Oxidant 

o2 

°2 

°2 

°2 

Residence  Time  (min) 

1.2 

1.2 

1.2 

1.2 

Temperature  (°C) 

Avg.  Wall 

584 

580 

574 

570 

Excess  0, 

27.5 

21.0 

4.5 

-1.7  ' 

Carbon  Analysis 

Organic  In  (ppm) 

17959 

17612 

17439 

17439 

Organic  Out  (ppm) 

1.0 

0.7 

0.1 

66.9 

Destruction  Efficiency 

99  .9947 

99.9959 

99.9997 

99.6164 

Combustion  Efficiency 

>99.99 

>99  .99 

. >99  .99 

98.5128 

Carbon  Out-Liquid  (%) 

5.4 

3.9 

3.0 

4.6 

Carbon  Out-Gas  (%) 

104.2 

1.4.1 

101  .2 

102.2 

C  Balance  Total  (%) 

109.6 

108.0 

104.2 

106.8 

Nitrogen  Analysis 

N  In  (ppm) 

513' 

508 

508 

N  as  Nitrate  (ppm) 

- 

35 

10 

4 

N  as  Nitrite  (ppm) 

- 

20 

- 

- 

N  Out  Liqu  id  ( % )  , 

- 

10.8 

2.0 

O’.  8 

N  Out  Gas  CO 

- 

94.9 

93.8 

110.1 

N  Balance  (%) 

105.7 

95.8 

110.9 

Gas  Composition  (%) 


28.25 

23.26 

6 . 39 

0.53 

cn. 

71.15 

75.76 

93.83 

98 . 30 

CUT 

0 . 00 

0.00 

0.00 

0.00 

4- 

O.00 

0.00 

0.00 

0.35 

cO 

0.00 

0.00 

0.00 

1.48 

*•> 

0.11 

0.35 

0.47 

0.51 

N’To 

0.00 

0.52 

0.62 

0.61 

NO 

0.00 

0.00 

0.00 

'  0.45 

C>H6 

CJ1, 

- 

- 

. 

- 

- 

- 

- 

- 

-  4 

c3 

— 

- 

“ 

- 

c . 

— 

— 

_ 

_ 

.  -4 

c„ 

— 

— 

— 

— 

6 
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TABLE  6b.  OXIDATION AND  REFORMATION  OF  DNT 
Runs  72-75B 


Run  No. 

72 

73 

75A 

75B 

Feed  Material 

10%DNT/MEK 

12%DNT/MEK 

12% DNT /MEK 

12% DNT /MEK 

Oxidant 

None 

None 

°2 

°2 

Residence  Time  (min) 

2.2  • 

2-2 

1.1 

1.1 

Temperature  (°c) 

Avg .  Wall 

402 

509 

479 

577 

Excess  0,, 

-100.00 

-100.00 

-50.0 

-49.1 

Carbon  Analysis 

Organic  In, ( ppm) 

19874 

18222 

17275 

18360 

Organic  Out  (ppm) 

13664 

12291 

4462 

4906 

.Destruction  Efficiency 

31.2466 

32.550 

74.1713 

73.2783 

Combustion  Efficiency 

8.7985 

4.5876 

43.5893 

46.2343 

Carbon  Out-Liquid  (%) 

75.5 

78.3 

34.8 

33.9 

Carbon  Out -Gas  ("0 

2 . 5 

13.3 

78 .3 

76.  ' 

C  Balance  Total  (%') 

73  .0 

91  .6 

113.1 

110.2 

Nitrogen  Analysis 

N  In  ( ppm ) 

471 

432 

409 

435 

N  as  Nitrate  (ppm) 

- 

- 

- 

N  as  Nitrite  ( ppm ) 

- 

- 

_ 

- 

N  put  Liquid  (%) 

14.0 

20.5 

- 

- 

N  Out  Gas  (%) 

8.8 

33.6 

24.0 

40 . 3 

N  Balance  ( %  ) 

22.8 

54 . 1 

24.0 

40.3 

Gas  Composition  (%) 

0.05 

0  .00 

0.14 

0.04 

c(V 

9.22 

6.47 

45.91 

50.96 

CUT 

4 

29 . 29 

20 . 33 

10.20 

10.23 

"a 

I  .56 

3.75 

4.35 

3.19 

CO 

41.29 

37.19 

39  .67 

33.46 

3.67 

3.64 

0.33 

0 . 59 

n;o 

NO 

0.00 

0.00 

0.00 

0.00 

bb 

1.76 

9.35 

0.57 

1.27 

S'<4 

8.73 

24,53 

3.70 

3.8  7 

b 

0.55 

1  .  50 

0.13 

0.21 

b 

0.11 

0.35 

0.03 

0.10 

C  „ 

i 

0.00 

0.03 

0.10 

0.00 

°6 

0.00 

0.54 

0.00 

0.04 
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stoichiometric  amount  needed  for  complete  oxidation  (Run  70B) 
destruction  efficiencies  of  about  98%  were  still  maintained.  This  is  an 
indication  that  the  amount  of  oxygen  needed  to  operate  a  system  cleanly 
may  be  just  a  few  percent  above  the  stoichiometric  amount  needed  for 
complete  oxidation.  When  oxyen  input  is  lowered  to  50%  (Runs  75A  &  B) 
of  the  amount  needed  for  complete  oxidation,  we  get  approximately  77%  of 
the  carboh  out  in  the  gas  phase  compared  to-  nearly  100%  in  complete 
oxidation  experiments.  The  makeup  of  the  gas  shifts  from  mostly  CO 
in  complete  oxidation  to  a  mixture,  in  partial  oxidation,  of  CO^,  CO 
and  hydrocarbons  up  to  C^  in  length.  The  liquid  analyses,  done  by  GC, 
of  extracts  for  these  runs  were  extremely  difficult  because  of  the  large 
number  of  compounds  present  in  the  liquid.  Those  compounds  that  were 
identified  are  presented  in  Table  7. 

The  final  runs  in  this  series  were  the  reforming  tests  (Runs  71  ,  72 
and  73).  No  data  are  tabulated  for  run  71.  This  was  the  MEK  baseline 
reforming  test  and  we  could  not  obtain  any  gaseous  effluent  from  the 
system.  In  fact,  it  appeared  as  if  the  MEK  was  not  reforming  in  this 
nan.  With  10%  DNT  added,  we  could  account  for  2.5%  of  the  carbon  out 
in  the  gas  phase  at  402°C.  At  509°C,  the  carbon  in  the  gas  phase 
was  13.3%  of  the  total  carbon  out.  If  one  looks  at  the  gas  product 
distribution  of  the  two  temperatures,  it  can  be  seen  that  the  500°C 
run  has  significantly  more  ethvlene  and  ethane  than’  the  400°C  run. 

Not  only  was  more  gas  produced  at  500°C,  the  gas  composition  changed. 

In  the  liquid  analysis  of  these  runs,  it  can  be  seen  that  at  higher 
temperature  the  products  seem  to  be  of  lower  molecular  weight-.  It  seems 
likely  that  some  recombination  reactions  may  have  taken  place  in  either 
the  sample  vial  or  actually  in  the  reactor. 

F,  Oxidation  Using  Air.  Using  air  as  the  oxidant  rather  than  pure 
oxygen,  mav  be  advantageous  in  commercial  applications.  To  determine  the 
feasibility  of  using  air,  experiments  wre  conducted  using  air  instead  of 
oxygen,  but  with  all  other  conditions  the  same.  When  the  air 
experiments  in  Table  8  are  compared  with  their  oxygen  counterparts,  the 
results  show  similar,  high  destruction  efficiencies  for  both  air  and 
oxvgen.  In  two  cases,  the  air  had  a  somewhat  higher  destruction 
efficiency  and  in  two  cases  it  was  somewhat  lower.  Of  course,  the  gas 
effluent  is  diluted  several  fold  by  nitrogen  when  air  is  used.  Based  on 
these  results,  SCW  oxidation  appears  to  be  equally  effective  with  air  as 
with  pure  oxygen.  Nitric  oxide  and  nitrogen  dioxide  were  not  formed. 
This  is  verv  likely  due  to  the  relatively  low  temperature  of  the  system 
(compared  to  peak  temperatures  in  a  typical  combustion  zone). 

G.  Heteroaton  Removal  Concepts.  The  conceptual  approach  to  handling 
heteroatoms  (any  element  other  than  C,  H.  0,  or  N)  -has  been  to  rely  on 
data  which  show  that  many  salts  are  essentially  insoluble  in  SCW  at 
temperatures  in  the  neighborhood  of  500°C.  Thus,  if  suitable  cations 


33 


TABLE  7.  DNT  REFORMATION  PRODUCTS 


Run 

No. 

69 

70B 

72 

73 

Concentration 

PPB 

PPM 

PPM 

PPM 

Component  Name 

1  . 

Unident i f  ied 

0.54 

7.30 

65.88 

2. 

Ani 1 ine 

0.02 

17.98 

457.00 

•3. 

Benzonitrile 

0.06 

6.77 

31.00 

4. 

Phenol 

0.27 

3.32 

5.10 

131 .00 

5. 

Uni  dent  i  f  ied 

0.02 

6. 

o-Cresol 

0.20 

0.02  . 

7.07 

7  . 

' p-Cre.sol 

0.27 

0.15 

9.25 

8. 

f  A 

o-Toluidine 

0.01 

46.00 

9 

p-Tolu  id ine 

0.04 

31 .00 

10  . 

Nitrophenol 

0.24 

'  12.00 

1  1  . 

Nit  ro toluene 

12  . 

Qu ino line  (  iso?  ) 

0.09 

1  1  . 

Methyl  (iso?)  Quinoline 

28.00 

14  . 

'  I ndo  le 

0.09 

14.19 

27.00 

)  . 

Met hv 1  - te t  rahvd ronaph t ha lene 

0.06 

313  .00 

1  6  . 

Acrv  I  in  i  1  ine' 

0.01 

41 .80 

1  7  . 

Omit  robenzene 

'  1.50 

0.12 

126.15 

L0  .80 

13  . 

Dinit  ropheno  1 

0.58 

0 .01  ' 

16.12 

11.80 

19  . 

0  in i t  ro t o luene 

0.92 

0 .08 

259.48 

20  . 

Din i t rocresol 

0.25 

14 


TABLE  8. 

OXIDATION  WITH  AIR 

Run  No. 

34 

35 

36 

37 

Feed  Material 

MEK 

DCBP/MEK 

MEK 

DCBP/MEK 

Oxidant 

AIR 

.AIR 

AIR 

AIR 

Temperature  (°C) 

519 

510 

456 

456 

Residence  Time 

1.4 

1.4 

1.4 

1.4 

Excess  00  (%) 

20.1 

17.0 

13.9 

18.3 

Carbon  Analysis 

Organic  In  (ppm) 

9,206. 

9,839  . 

9,583. 

9,624. 

Organic  Out  (ppm) 

2.5 

0.2 

6.7 

44.4 

Destruction  Efficiency 

(%) 

99.97 

99.993 

99.93 

99.54 

Combustion  Efficiency 

(%) 

>99 .99 

>99.99  . 

99.70 

v© 

00 

00 

■£> 

Carbon  Balance  Closure 

(%) 

102.45 

103.96 

105.48 

105.16 

Cl  in  (ppn) 

0 

142 

0 

139 

Gas  Composition 

3.85 

3.34 

2.85 

3.74 

C°2 

13 .59 

14.09 

14.1,7 

13.69 

CH , 

-4 

0.00 

0.00  ' 

0.00 

0.01 

H2 

0.04 

0.04 

0.05 

0.04 

CO 

0.00 

0.00  .  , 

0.04 

0.15 

N2 

73.31 

73.31 

73.30 

73.12 

35 


are  present,'  the  reaction  products  of  typical  heteroatoms  (i.e.  HCl, 
H^PO^,  H  SiO  etc.)  can,  in  concept,  be  precipitated 
as  their  corresponding  salts  produced  by  acid-'oase  neutralization.. 
Carbonates  (CaCO^  or  MgCO^)  and  hydroxides  (NaOH)  have  been  viewed 
as  candidate  additives  '.as  sources  of  the  needed  cations),  since  after 
the  neutralization  reaction  they  would  not  introduce  any  new  compounds 
into  the  system. 

It  should  be  noted  that  a  wide  variety  of  other  inorganic  compounds 
should  be  removed  by  similar  mechanisms.  For  example,  arsenic  is  apt  to 
appear  as  H^As04  and  may  react  with  the  nroposed  cation  additives  to 
form  calcium  and  magnesium  arsenates.  It  is  likly  that  most  of  the 
metals,  such  as  tungsten  and  molybdenum,  that  would  be  converted  to 
oxv-acids  are  apt  to  be  removed  effectively  with  one  or  more  of  the 
proposed  additives.  In  some  cases,  the  exhausted  scavengers  may  be 
loaded  with  compounds  of  sufficient  commercial  value  to  warrant  their 
use  as  byproducts  of  the  oxidation  process.  As  an  example,  if  tungsten 
is  present  in  the  effluent,  it  is  apt  to  be  precipitated  as  CaW04„ 

The  separation  of  metals  from  the  scavengers  would,  of  course,  depend  on 
the  particular  metals  and  on  their  concentrations.' 

T,he  collefction  of  inorganic  solids  from  the  oxidizer  effluent  is 
primarily  a  hardware  design  problem.  A  number  of  possible  methods  and 
devices  have  been  considered,  although  none  has- been  investigated 
experimentally  as  part  of  this  work.  Two  possibilities,  gravity 
separators  and  cyclones,  which  utilize  inertial  forces,  have 
subsequently  been  tested  for  use  in  solids  reroval  systems. 

The  first  test?  were  conducted  using  a  combination  reactor/solid  ' 
separator.,  This  was  a  large  volume  vessie  which  relied  on  gravity  to 
separate  the  solids  from  the  fluid  stream.  The  salt,  NaCl  for  these 
tests,  was  either  dissolved  in  the  feed  or  produced  by  neutralizing  the 
HCl  produced  from  oxidation  of  a  chlorinated  hydrocarbon  with  NaOH.  The 
solid  would  theoretically  fall  to  the  bottom  of  the  vessel  while  the 
fluid  stream  exited  from  the  top  or  side.  In  practice  it  was  impossible 
to  collect  substantial  amounts  of  solid  in  the  vessie  without  plugging 
either  the  inlet,  the  outlet,  or  both.  The  problem  seemed  to  be  one  of 
localized  fLuid  mechanics  in  the  settler  and  the  agglomeration  behavior 
of  the  particles.  As  they  formed  the  salts  were  apparently  stickv  and 
adhered  to  the  hot  reactor  surface  immediately  on  contact.  The  removal 
of  salt  from  the  fluid  stream  was  essentially  complete,  however,  with 
the  NaCl  concentration  in  the  effluent  liquid  about  100  ppm,  the  level 
predicted  from  the ,  soliibi 1 i t y  of  NaCl  in  supercritical  water. 

For  the  next  tests  the  reactor  and  solid  separator  were  separated. 

The  oxidation  reaction  took  place  in  a  tubular  reactor,  designed  to  keep 
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the  salts  moving  at  high  velocity  as  they  formed.  The  reactor  effluent 
entered  a  cyclone  in  which  inertial  forces  caused  the  solids  to  separate 
while  the  fluid  phase  exited  at  the  top.  The  approach  appeared 
successful  with  low  efficiency  cyclones,  but  as  the  cyclone  efficiency 
was  improved  the  plugging  problems  increased.  A  major  modification  to 
the  feed  injector  nozzle  had  been  made  while  the  cyclone  tests  were 
being  conducted  and  the  reactor/gravity  solid  separator  approach  was 
retested  with  excellent  results.  This  is  the  configuration  which  has 
been  in  use  for  all  major  experiments  involving  salt  separation  on  the 
bench  scale  and  which  will  be  tested  on  the  demonstration  unit. 

H.  Corrosion  Study.  The  bench-scale  process  development ’ program 
for  the  SCW  oxidation  process  has  been  operating  for  more  than  eighteen 
months.  Over  that  period  of  time  the  bench-scale  reactor  has  been 
operated  for  more  than  2000  hours  at  a  fairly  wide  range  of  temperatures 
and  concentrations  of  oxygen  and  chloride  ion.  Since  corrosion  was  a 
key  concern  when  the  process  first  came  under  consideration,  MODAR  has 
taker,  advantage  of  every  opportunity ■ to  study  the  behavior  of  the 
materials  of  construction  under  process  conditions.  Dr.  Ronald 
Latanision  (MIT  Corrosion  Laboratory)  of  the  MODAR  Technical  Advisory 
Board  and  the  technical  staff  of  the  Stellite  Division  of  the  Cabot 
Corporation  have  provided  useful  advice  and  technical  support  to  MODAR 
,  in  this  aspect  of  the  program. 

Reactor  corrosion  studies  have  involved  the  exposure  of 
clip-supported,  pre-stressod  coupons  of  candidate  reactor  materials  to 
the  reactor  environment  during  the  course  of  the  bench-scale 
experimental  program.  Since  no  corrosion  was  observed  after  several 
hundred  hours  of  exposure  during  the  initial  reactivity  and  kinetic 
study  programs,  a  period  of  more  intense  exposure  v/as  carried  out. 
Chloride  levels  of  5000  and  10,000  ppm  were  created  by  oxidizing 
trichloroethylene  at  about  550°c.  A  complete  microscopic  and 
metallurgical  study  of  the  exposed  coupons  indicates  that  overall 
corrosion  at  reactor  conditions  is  not  a  problem  for  the  materials  under 
study,  Hastelloy  C-276  and  Cabot  Alloy  625. 

Considerable  corrosion  activity  was,  however,  observed  in  the  area 
of  the  system  where  the  reactor  effluent  was  cooling  down  into  the 
suheritical  region.  After  intensive  studv  it  was  determined  that  this 
corrosion  was  mainly  due  to  cavitation  erosion,  although  chloride  (and 
probably  oxygen)  levels  are  important  contributory  factors.  Cavitation 
erosion  is  likely  the  result  of  entering  the  two-phase  region 
( thermodynamical  Iv )  with  fairly  high  fluid  velocities  in  the  tubing  and 
fittings.  Several  approaches  to  dealing  with  this  problem  present 
themselves  and  it  is  not  expected  to  be  an  impediment  to  the  development 
of  the  process.  The  absence  of  corrosion  in  the  reactor  itself  is  not 
particularly  surprising.  The  low  dielectric  constant  of  water  and  the 
resultant  absence  of  ionized  species  at  these  conditions  can  be  expected 
to  interfere  with  electrochemical  attack. 
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VI.  CONCLUSIONS 


Tests  with  the  bench-scaLe  system  were  undertaken  in  May,  1980  with 
the  objectives  of:  (i)  demonstrating  the  technical  feasibility  of 
applying  the  process  to  a  wile  range  of  waste  constituents  and  (ii) 
gathering  kinetic  and  other  lata  necessary  to  design  a  large, 
demonstration-scale  system. 

A  thorough  description  o:  prior  and  continuing  work  under  the 
bench-scale  testing  program  has  been  presented  in  this  report. 

Typically,  extremely  high  conversions  of  feed  carbon  to  gaseous  carbon 
dioxide  have  been  observed.  Mixed  feeds  have  ranged  from  2  to  6  percent 
carbon,  by  weight,  and  destruction  efficiencies  have  generally  ranged 
from  the  high  nineties  to  "four  or  five  nines"  (99.99+%),  with  most 
results  being  toward  the  higher  conversion  end,  unless  experiments  were 
deliberately  designed  to  yield  kinetic  data  (hence  requiring  less  than 
complete  conversion).  As  we  have  grown  more  experienced  in  operating 
the  unit  and  its  attendant  s«mpling  and  analytical  systems,  we  have 
experienced  good  material  balance  closure  (generally  within  a  few 
percent).  Mass  spectrometric  analysis  of  liquid  samples  has  been 
extremely  favorable;  residual  organic  chloride  concentrations  can 
be  reduced  to  the  10  ppb  ranje.  On  balance,  the  process  has  performed 
better  than  initially  anticipated. 

The  results  to  date  make  it  clear  that  the  chemistry  and  kinetics  of 
the  system  behave  pretty  much  as  our  initial  concepts  anticipated  they 
would.  The  process  should  be  able  to  successfully  treat  any  and  all 
organic  wastes  and  efficiently  render  them  harmless.  The  remaining 
technical  objectives  at  the  tench-scale  level,  corrosion  testing  and 
salt  (heteroatom)  separation,  have  been  studied  in  the  laboratory  and 
reported  herein.  The  results  of  these  studies  have  convinced  us  that 
neither  of  these  potential  problems  will  present  an  obstacle, 
technically  or  economically,  to  the  further  development  of  the  process. 

Further  development  of  the  SCW  oxidation  process  is  being  pursued  in 
order  to  be  able  to  make  systems  commercially  available  at  the  earliest 
possible  date.  Bench-scale  studies  will  be  continued  to  test  process 
improvements  and  run  "treatability"  tests  on  candidate  waste  streams. 

The  design,  fabrication,  operation,  and  field  testing  of  a  larger  scale 
unit  will  also  be  undertaken.  A  fifty-fold  scale-up  in  waste  throughput 
is  achievable,  and  will  allow  the  resolution  of  all  remaining  technical 
issues,  as  well  as  provide  tine  design  data  necessary  to  eventually  move 
to  large  scale  commercial  units. 
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VII.  FUTURE  PLANS 


A.  Technical  Review/Process  Analysis 

As  discussed  in  the  preceding  section,  the  bench-scale  development 
program  has  achieved  essentially  all  of  its  technical  objectives.  High 
destruction  efficiencies  can  be  attained  for  essentially  all 
carbon-containing  wastes'.  Corrosion  and  heteroatom  removal  were  not 
totally  resolved  at  the  end  of  the  testing  program,  but  solutions  with 
current  technology  appeared  available.  The  remaining  questions  at  the 
end  of  the  development  program  were' questions  of  scale-up  and 
commercialization,  i.e.,  operating  experience  (reliability, 
controllability,  etc.)  and  economics  of  construction/operation  at 
various  levels  of  scale. 

Conceptual  designs  and  preliminary  economic  analyses  of  systems  with 
larger  capacities  and  using  potentially  available  technologies  are 
presently  being  evaluated.  A  10  TPD  unit,  using  air  as  the  oxidant  has 
been  designed  and  costed.  The  process  flowsheet  for  this  unit  is 
similar  to  that  shown  in  Figure  1,  except  that  only  partial  recovery  is 
contemplated  via  feed /product  heat'  exchange .  The  unit  generates 
approximately  9000  pounds  /hour  of  ISO  psig  by-product  steam  for  other 
uses  in  the  manufacturing/production  facility  in  which  the  SCW  oxidation 
unit  is  situated.  The  SCW  unit  destroys  10  tons  of  organic  waste  per 
day,  or  900,000  gallons  per  year  for  a  330  stream-day  year.  Capital 
costs  (Table  9)  are  estimated  at  approximately  $5M  dollars,  with  the 
largest  capital  cost  item  the  air  compressor.  Estimates  of  annualized 
operating  costs  yield  projected  processing  costs  in  the  range  of 
S2. 40/gallon  of  organic,  or  25  cents/gallon  of  wastewater  containing  10 
percent  organic  wastes. 

A'  schematic  of  the  largest  system  we  envision,  at  100  TPD  capacity, 
is  shown  in  Figure  3.  At  these  large  throughputs,  we  can  take  advantage 
of  the  very  .sizable  economics  of  scale.  For  example,  air  compression 
can  be  accomplished  bv  the  axial  compressor  stages  built  into  gas 
turbines.  The  process  design  of  Fig.  3  employs  two  gas  turbines  in 
series,  each  having  a  compression  ratio  of  8.  Gas  turbine  *1  is 
commercially  available.  (For  example,  a  Sulzer  Bros.  Type  3  turbine  can 
accommodate  air  at  the  flow  rate  required  for  100  TPD  and  has  a  net 
power  rating  of  5.8  MW ) .  Gas  turbine  # 2  of  Fig.  3  is  envisioned  to  be  a 
500  HP  engine  used  for  powering  small  aircraft.  Although  such  units  are 
readily  available  in  the  required  size  range,  we.  would  need  to  modify 
the  hopsing  to  withstand  pressures  up  to  65  atm.  We  anticipate  that  the 
gas  turbines  will  comprise  the  largest  single  cost  in  a  100  TPD  system. 

The  economic  analysis  for  this  100  TPD  system  has  not  been 
completed.  However,  based  upon  what  we  know  about  the  cost  of  gas 
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Table  9.  PROJECTED  COSTS  FOR  10  TPD  CAPACITY 


Annual  capacity:  10TPD  x  330  DPY  =  3300  TPY 

=  900,000  gal/yeat 


CAPITAL  COST  ESTIMATE 

Tanks,  Pumps,  Eductor 

Heat  Exchanger,  Reactor  &  Instrumentation 
Separators,  Let-Down  Units,  Start-Up  Furnace 
Air  Compressor 
Cent ingencies 


Capital  Cost  Estimate 


PROCESSING  COSTS 

Chemicals  and  Utilities  (Elec:  4c/KWH;  H^o  =  5.5c/MGAL 
Operating  Labor  and  Plant  Overhead 
Maintenance  (  5%  CCE  ) 

Bv-Product  Steam  Credit  ($6. 00/M  LBS) 

Cost  of  Capital  (25%  CCE ) 

■  Total  Operating  -Cost 

Unit  Cost/Gallon  Organic 
'  Unit  Cost/Gallon  Wastewater 
at  10%  Organic  Contei.t 


-  40  - 


$5320 


$2143 

$2.38 

$0.26 


FI gu re  3»  Schenatlc  of  100  TPD  Waste  Treatreent  System 
With  Gas  Turbines 
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turbines,  we  anticipate  that  such  system  could  be  priced  for  sale  at 
approximately  15  million  dollars.  Projected  annualized  processing  costs 
including  tue  costs  of  capital  recovery  would  be  about  $. 50/gallon  organic  or 
5.5  cents/gallon  of  wastewater  containing  10  percent  organic. 

Large  scale  systems  (e.g.  10  to  100  tbn/day  capacity)  will  compete  with 

incinerators  and  containment  sites  for  the  larger  volume  waste  treatment 
market.  Cost,  reliability,  and  controllability  are  seen  to  be  key  factors  in 
the  success  of  the  process  in  this  area.  These  central  processing  units 
would  utilize  air  a3  the  oxidant  and  would  recover  process-generated  energy 
to  drive  air  compressors  and  generate  Salable  electricity  or  steam.  Figure  4 
presents  a  cost  comparison  between  SCW  destruction  and  conventional  liquid 
injection  incineration,  for  the  case  of  dilute  organic  wastes  in  a  wastewater 
(2-30%  concentration).  These  results,  which  are  typical,  are  encouraging  in 
that  they  suggest  that  there  will  be  a  number  of  large-scale  applications  for 
which  the  MODAR  SCW  oxidation  system  will  be  preferred  over  other 
technologies.  This  factor,  coupled  with  the'  present  regulatory  strategy, 
which  minimizes  land  disposal,  appears  to  suggest  a  bright  future  for  this 
technology  in  years  to  come. 

B .  Proc ess  Development  Strategy 

Over  the  long  term,  MODAR  intends  to  build,  license,  or  otherwise  make 
available  in  the  marketplace  systems  for  both  mobile  and  fixed-site 
appl i -at  ions  .  We  have  in  mind  eventually  carrying  out  a  large-scale 
demonstration  as  the  final  stage  in  process  developme  t.  Naturally,  however, 
we  are  also  interested  in  entering  the  marketplace  as  soon  as  possible,  and 
we  anticipate  that  smaller,  mobile  systems  will  be  our  initial  commercial 
product  . 

It  makes  good  technical  (as  well  as  business)  sense  for  MODAR  to  proceed 
as  rapidly  as  possible  to  a  demonstration  of  a  small  mobile  svstem,  with 
capacity  1000  gal/dav  of  wastewater,  or  50  gal/day  organic  waste.  The 
classical  approach  to  process  development  requires  moving  upward  in  scale 
incrementally  (bench  to  pilot  to  semi-works,  etc.)  and  in  this  case  the 
business  objectives  are  consistent  with  good  technical  practice.  A  unit  at 
this  scale  will  allow  us  to  pin  down  the  fluid  mechanical  aspects  of  the 
process  as  well  as  permit  tests  to  (i)  demonstrate  process  feasibility  and 
reliability  on  a  variety  of  "real  world"  wastes,  (ii)  allow  careful 
characterization  of  effluent  streams  to  be  made,  and  (iii)  provide  the  data 
necessary  to  develop  refined  economic  analyses.  The  results  of  a 
demonstration  at  this  scale  will  provide  the  data  base  necessary  to  design  a 
full-scale  demonstration'  incorporating  energv  recovery  and  also  to  move  into 
the  marketplace  with,  products  and  services  built  around  the  mobile  svstem. 

The  present  program  to  build  and  evaluate  the  SCW  demonstration  units  is 
described  in  outline  form  below.  The  program  consists  of  four  tasks, 
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PROCESSING  COST  (S/TON  OF  ORGANIC) 


1 


FIGURE  4 

COMPARISON  OF  INCINERATION  AND SCW  OXIDATION 
PROCESSING  COSTS 

FOR  TREATMENT  C"  DILUTE  ORGANIC  WASTES 


FEED:  100  TPD  ORGANIC  IN  WATER 


BASIS: 

•  ORGANIC  HEATING  VALUE  13.500  BTU/LB 

•  PROCESSING  COST  INCLUDES: 

•  CAPITAL  RECOVERY  AT  35S/YR,  . 

EARLY  1381  $. 

•  POWER  COST  OR  RECOVERY 
AT  Ac/KVH. 

•  ENERGY  COST  OR  RECOVERY  AT 
$5. 50/MM  BTU. 

•  365  DAYS/YR,  2*i  HRS/DAY 


Liquid  Injection 

Incinerator/Chemi cal 
5crubber 


MODAR  SCW 
SYSTEM 


i 
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i 
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I 
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30 


WEIGHT  FtriCF.nr  ORGANIC  IN  VAICR  TIED 
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conducted  in  sequence: 


Task  A  is  concerned  with  the  design,  equipment  procurement 
and  fabrication  of  a  skid-mounted  system,  designed  to  process 
1000  gal/day  of  wastewaters,  including  50  gal/day  of  organic 
wastes. 

Task  B  is  concerned  with  the  in-house  testing  and  evaluation 
of  the  system  as  fabricated.  It  will  include  defining  an 
appropriate  start-up  protocol,  conducting  preliminary  tests 
with  several  model  compounds,  and  finally  testing  destruction 
efficiency  of  several  mixtures  at  design  flow  rates. 

Task  C  is  an  actual  field  demonstration  of  the  unit  on  site. 

Tt  involves  transportation  of  the  unit  to  the  site,  repetition 
of  the  preliminary  tests ,  short  duration  tests  with  the  site- 
specific  waste  and  a  long  term  (at  least  twenty  days)  test  ,run, 
at  design  capacity  with  the  waste  material. 

Task  D  is  the  analysis  of  all  test  results  and  preparation  of 
a  final  report . 
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VIII.  APPENDIX 


A.  Properties  of  Supercritical  Water 


The  supercritical  region  can  best  be  visualized  with  the  aid  of  a 
temperature-density  diagram,  as  shown  in  Fig.  5.  The  critical  point 
(C.P.),  which  lies  on  the  vapor-liquid  saturation  dome,  oc  :u rs  at 
374°c  and  0.3  g/cm  .  The  supercritical  region  lies  above  )74°C 
and  450°C,  and  densities  from  0.2  to  0.7  g/cm  .  In  this  r;gion,  the 
density  varies  very  rapidly  with  small  changes  in  temperature  at 
constant  pressure. 


Insight  into  the  structure  of  the  aqueous  fluid  in  thi 
been  obtained  from  measurements  of  the  static  dielectric  ci 
in  Fig.  6  (Quist  and  Marshall,  1965;  Franck',  1970).  In  thi 
critical  region,  the  dielectric  constant  ranges  between  2. 
which  corresponds  to  that  of  a  polar  organic  liquid  under 
conditions.  The  unusually  high  dielectric  constant  of  non 
water  (80)  is  the  result  of  strong  hydrogen  bonding.  The 
in  the  supercritical  regime  are  indicative  of  a  greatly  re 
of  hydrogen  bonding.  This  is  not  surprising,  since  hydrogi 
very  short-range  forces,  and  since  the  supercritical  fluid 
significantly  lower  density  than  the  normal  liquid  (Franck 


s  region  has 
>n3tant  shown 
;  near 
5  and  15, 
lormal 
nal  liquid 
lower  values 
luced  extent 
in  bonds  are 
ha  s  a 
,  1976). 


Supercritical  water  SCW  behaves  very  much  like  a  polar|  organic 
solvent.  Organic  materials,  which  are  only  sparingly  solujle  in  water 
at  room  temperature,  become  completely  miscible  with  water  in  the 
supercritical  regime.  For  example,  the  solubilities  of  benzene, 
pentane,  heptane  and  2-methvl  pentane  in  water  are  shown  ia  Figs.  7  to 
10  (Connolly,  1966).  Consider  the  case  of  benzene,  Fig  7.  At  260°C 
(curve  a),  the  solubility  is  fairly  independent  of  pressure  at  about  7-8 
wt%  benzene,  which  is  already  far  higher  than  that  at  25°C  (.07  wt%). 
Above  260°C,  the  solubility  increases  with  temperature;  at  287. 5°C 
(curve  c)  a  maximum  apgears  in  the  range  of  200-250  atm.  The  maximum  is 
very  pronounced  at  295°C  (curve  d).  At  300°C  the  solubility  curve 
solits  into  two  branches  (curve  e);  between  these  two  branches  at  200  to 


5*10  atm.  benzene  and  water  are  miscible  ir.  all  proportions).  The  lowest 
temperature  at  which  complete  miscibility  first  occurs  is  called  the 
critical  solution  temperature  (CST).  For  benzene,  it  is  around  300°C 
(Connolly,  1966;  Rebert  and  Kay,  1959).  The  other  aliphatic 
hydrocarbons  shown  in  Figs.  8  to  10  require  somewhat  higher  temperatures 
for  complete  miscibility:  351-353°C  (Connolly,  1966). 

Another  way  to  demonstrate  miscibility  is  bv  examining  the  critical 
curve  in  a  pressure-temperature-concentration  diagram.  The  schematic 
shown  in  Fig.  11  is  approximately  correct  for  manv  organ ic -water  binary 
systems,  such  as  benzene-water.  The  critical  point  of  water  is 
presented  by  CP  and  that  of  the  hydrocarbon  by  CP ; .  The  dashed 
curve  in  Fig.  11,  beginning  CP^,  is  the  upper  branch  of  the  critical 
curve;  to  fhe  left  of  this  branch,  the  system  mav  separate  into  two 
fluid  phases,  whereas  to  the  right  of  it  (at  higher  temperatures)  a 


WT.%  n-HEPTANE 
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Figure  11.  Schematic  pressure-composition* 
temperature-diagram  of  a,  binary  system  with 
interrupted  critical  curve. 

CP|  and  CPfc:  Critical  points  of  the  lower  and 
higher  boiling  pure  components. 

LCEP:  L  ovver  critical  end  point. 

Branches  of  the  critical  curve: _ . _ 

(Franck,  1976) 


Figure  12.  ?-T  projection 
for  the  l.r-ncr-ne  -H  0  system. 


Figure  13.  P-T  projection  for 
the  naphthalene -HO  system. 
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homogeneous  phase  exists  at  all  temperatures  and  concentrations.  In 
other  words,  to  the  right  of  the  critical  curve,  the  components  are 
completely  miscible.  The  projection  of  the  critical  curve,  in 
pressure-temperature  space,  is  shown  in  Figs.  12  and  13  for 
benzene-water  and  naphthalene-water,  respectively.  In  both  cases,  it 
can  be  seen  that  above  the  critical  temperature  and  pressure  of  water, 
the  organics  are  completely  miscible  with  water  (unless  extremely  high 
pressures  are  involved).  Although  the  number  of  organic-water  systems 
that  have  been  studied  in  this  detail  is  very  limited,  it  is  clear  that 
water  is  an  excellent  solvent  for  some  of  the  least  soluble  orgahics  at 
room  temperature.  We  would  anticipate  that  other  organics  behave 
similarly.  Indeed,  we  have  found  that  substances  as  complex  as  wood  can 
be  completely  solubilized  in  SCW  as  described  in  the  next  section. 


The  behavior  of  SCW  as  a  solvent  for  inorganic  salts  is  as  unusual 
as  that  for  organics.  While  water  becomes  an  excellent  solvent  for 
organic  substances  about  300-375°C,  it  becomes  a  very  poor  solvent  for 
inorganic  salts  about  450°C.  For  example,  the  solubilities  of  salts 
in  water  from  200  to  450°C  are  shown  in  Figure  14  (Marshall,  1975). 

.Most  salts'  show  gradually  increasing  solubilities  over  this  range.  (The 
exception 

Li2S04-?  . 

solubilities  drop  precipitously.  For  example,  the  solubilities  of  a 
number  of  common  salts  in  this  higher  temperature  range  are  shown  in 
Figs.  15  and  16  (Martynova,  1976).  NaCl,  which  has  a  solubility  of 
35-40  wtX  at  lower  temperatures,  drops  to  10  ppb  or  100  ppm  at 
500°C ;  CaCl y ,  with  a  solubility  of  over  70  wtX  at  subcritical 
temperatures,  drops  to  less  than  10  ppm  at  500  C. 

Coincident  with  t he  loss  of  solvating  power  for  inorganic  salts, 
supercritical  water  also  loses  the  ability  to  dissociate  salts.  For 
example,  the  dissociation  constant  of  NaCl  is  shown  in  Fig.  17  as  a 
function  of  temperatures  and  water  density  (Marshall.  1976).  At 
400-500°C  and  densities  in  the  range  of  0.35,  the  dissociation 
constant  is  of  the  order  of  10"  ,  Thus,  strong  electrolytes  become 
weak  electrolytes. 


s  are  I^SO^,  Na^SO^,  Na-jPO^  Na,C0,  and 
When  temperatures  are  increased  above  this  range,  the 


The  properties  of  water  as  a  function  of  temperature  are  summarized 
in  Fig.  18.  We  see  that  water  goes  through  a  complete  reversal  in 
solubility  behavior  powa'rd  organic  and  inorganic  substances  through  the 
temperature  range  of  300-500°C.  Below  this  range,  the  pattern  is 
similar  to  normal  liquid  water;  low  organic  and  high  inorganic 
solubility.  Within  the  range  of  375  to  450°C  .there  is  a  high 
solubility  of  both  organic  and  inorganic  substances.  Above  this  range, 
inorganic  salts  are  practical Iv  insoluble,  and  organic  substances  are 
completely  miscible. 
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Temperatute 


Figure  14.  The  solubilities  of  salts  in  water  solution  at 

temperatures  from  200  to  450°C.  A  graphic  summary 
of  many  published  solubilities  of  salts  showing  a 
quantitative  comparison  of  the  different  behaviors 
and  fends. 
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Temperature  °C 


Figure  16.  Solubility  curves  for  various  salts  at 
300  bars  over  the  temperature  range 
400-600°C. 
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Figure'  17. 
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NaCl  =  Na  Cl  ■  as  a  function  of  the  logarithm 
of  the  Molar  Concentration  of  water'  at 
temperatures  from  400  to  800°C. 


B.  Decomposition  and  Reforming  of  Organics  in  Supercritical  Water 

It  has  long  been  known  that  steam  will  react  with  organic  compounds 
at  moderate  to  high  temperatures  and  near-ambient  pressure.  At  high 
temperatures  (>800°c),  organics  are  reformed  with  steam  to  CO  and 
H^.  This  reaction  jls  the  basis  of  the  first  step  in  many  coal 
gasification  processes  under  development  today.  At  moderate 
temperatures  (350  to  450°C),  naphtha  and  other  light  hydrocarbons 
react  with  steam  in  vapor-phase,  solid  catalyzed  reactions  to  form, 
predominantly,  CH^  and  CO^. 

Over  the  past  eight  years,  Model'l  and  others  conducted  a  research 
program  at  M.I.T.  on  the  reactions  of  organics  with  water  in  the 
subcritical  liquid  phase  and  in  the  supercritical  fluid  region.  These 
prior  studies  were  aimed  at  developing  processes  for  converting  organic 
wastes,  as  well  as  coal,  to  liquid  and  gaseous  fuels.  Some  results  of 
the  prior  work  are  described  here  because  they  are  pertinent  to  the 
program. 

The  reactions  of  cellulose  (a  major  constituent  of  organic  wastes) 
and  glucose  (one  of  the  major  products  of  cellulose  hydrolysis)  with 
water  were  studied  in  a  batch,  high-pressure  autoclave  reaction  (see 
Figure  19),  The  autoclave  was  charged  with  water  and  heated  to  the 
desired  temperature.  A  concentrated  solution  of  feed,  held  between  ' 
valves  A  and  B,  was  then  rapidly  injected  into  the  reactor.  Liquid  and 
vapor  samples  were  collected  at  various  intervals  of  time.  At  the 
completion  of  the  run,  the  reactor  was  cooled  down  to  ambient 
temperature  and  any  solids  that  may  have  formed  were  collected  and 
analyzed. 

The  results  of  a  series  of  runs  with  a  glucose  feed  at  subcritical 
temperatures  (150,  200  and  300°c)  are  shown  in  Figs.  20  to  22.  The 
distribution  of  carbon  as  glucose,  liquid  products  and  solid  are 
presented  as  a  function  of  time.  The  formation  of  gaseous  products  was 
negligible  under  these  copdit  ions  .  From  comparison  ,of  Figs.  20  to  22, 
it  can  be  seen  that  (i)  glucose  reacts  very  rapidly  at  300°C  and  (ii) 
a  char  forms,  with  increasing  rate  of  formation  at  increasing 
temperatures.  From  GC/MS  analysis  of  the  liquid  products  and  chemical 
analysis  of  the  char,  it  was  concluded  that  the  char  forms. by 
condensation  polymerization  of  liquid  intermediates  (Amin,  et  al , 

1975).  The  mechanism  appears  similar  to  glucose  pyrolysis  in  the 
absence  of  water. 

When  the  temperature  and  pressure  were  raised  to  the  critical 
conditions  of  water,  a  rather  startling  discovery  was  made:  no  char  was 
formed.  The  products  were  entirely  liquid  organics  and  a  gaseous 
mixture  of  CO,  H  C0„ ,  CH/  and  light  hydrocarbons.  The  discovery 
is  the  basis  of  U.S.  Patent  Ho.  4,113,446  (Model l,  et  al,  1978). 
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Figure  19.  EXPERIMENTAL  APPARATUS 
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Figure  21.  Product  Distribution  at  200°C. 
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A  number  of  experiments  were  subsequently  conducted  with  a  variety 
of  organics  in  the  near  critical  and  supercritical  region  of.  water. 

Some  of  the  results  are  given  in  Table  10.  With  dilute  solutions  of 
glucose  (4  g  carbon  in  300  g  water),  no  char  is  found.  To  determine  if 
the  absence  of  char  is  related  to  temperature  alone  or  to  critical 
density,  run  34  was  made  under  the  same  conditions  as  run9  26  and  35, 
except  that  the  pressure  was  set  at  150  atm.  At  this  subcritical 
pressure,  the  water  phase  is  a  gas-like  fluid  (<0.1  g/cm^).  Since 
appreciable  char  was  formed  in  run  34,  it  was  concluded  that  the 
critical  density  is  a  necessary  condition  for  avoiding  char  formation. 

In  run  36,  with  a  more  concentrated  glucose  feed,  the  solid  phase  was  a 
low-melting  tar  which  is  very  likely  soluble  in  SCW  but  precipitates 
out  upon  cooling.  The  only  other  cases  in  which  solid  was  observed  were 
in  runs  37  and  39  with  polyethylene  feed.  Those  solids,  which  analyzed 
as  CH^,  appeared  to  be  porous  beads  of  unfeacted  polyethylene. 

The  absence  of  char  under  the  critical  conditions  of  water  19 
believed  to  be  related  to  the  high  solubility  of  organics  in  SCW.  In 
the  case  of  carbohydrates,  the  char-forming  reactions  are  thought  to  be 
products  of  condensation  polymerization  of  intermediates.  For  such  a 
polymerization  reaction,  a  ppor  solvent  would  encha’nce  the  rate  by 
allowing  hydrophobic  molecules  to  cluster.  On  the  other  hand,  a  good 
solvent  such,  as  SCW  would  provide  maximum  dispersion  of  the 
intermediates  and' thereby  minimize  the  tendency  for  polymerization, 

A  series  of  runs  was  conducted  with  maple  sawdust  (in  3  mm  x  1/2  mm 
needles)  as  feed.  The  batch  reactor  of  Fig.  19  was  used  without  the 
addition  of  catalysts.  As  shown  in  Table  11,  five  runs  were  made  at 
constant  temperature  and  varying  residence  time'  (5  to  60  min).  The  feed 
concentration  varied  by  a  factor  of  ten  because  an  unpredictable  amount 
of  the  feed  was  left  in  the  organic  reservoir. 

In  all  of  the  runs  with  maple  sawdust,  the 
completely  solubilized;  the  product  once  again 
These  results  are  very  significant  in  light  of 
feed  1  material . 

At  a  residence  time  of  5  min,  the  percent  of  carbon  gasified  (16.8%) 
was  substantially  higher  than  that  of  glucose  (without  catalyst)  at  60 
min  residence  time  (8.2%;  Table  10,  run  23).  Increasing  residence  time 
of  maple  sawdust  reforming  increased  gasifications  significantly.  At  30 
to  60  min  over  a  third  of  the  feed  carbon  appears  as  gaseous  products. 
(The  percent  gasification  in  run  M-3  is  suspect  because  the  amount  of 
feed  was  very  small  and,  therefore,  the  calculated  results  are  subject 
to  a  large  uncertainty.)  ' 

The  gas  composition  did  not  vary  appreciably  with  residence  time. 

It  was  very  rich  in  CO,  with  significant  amounts  of  H7  and  CH^.  The 
quality  of  the  gas  as  a  fuel  is  reflected  in  the  high“heating  values,  as 


feed  material  was 

did  not  contain  a  char. 

the  complex  nature  of  the 
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Table  10 


Results  at  Critical  (647  *1  22MN/H2) 
%  ORIGINAL  CARBON  IN 


Run  No. 

Catalyst 
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81.0 
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shown  in  the  last  3  columns  of  Table  11.  The  last  column  represents  the 
percentage  of  feed  heating  value  that  is  recovered  in  the  gaseous 
product.  (A  heating  value  of  5,600  Btu/lb.  was  used  for  the  maple 
sawdust  feed.) 

Since  no  char  was  produced  in  reforming  maple  sawdust,  the  liquid 
phase  contained  all  of  the  organic  materials  that  were  not  recovered  as 
gaseous  products.  In  an  attempt  to  analyze  the  liquid  phase 
cbmp'osit  ion samples  of  liquid  product  were  extracted  with  methylene 
chloride,  concentrated  by  evaporation,  and  analyzed  by  GC/MS.  A  large 
number  of  components  were  found,  the  majority  of.  which  were  alcohols, 
aldehydes  and  furan-derivat ives .  However,  the  fraction  of  feed  carbon 
that  was  contained,  in  the  methylene  chloride  concjntrate  was  small, 
ranging  from  0.6  to  6.2%  (column  10,  Table  11).  In  subsequent  tests,  we 
have  found  that  the  major  portion  of  the  liquid  products  are  very 
volatile  and,  thus,  they  most  probably  evaporated  as  the  methylene 
chloride  extract  was  being  concentrated.  Although  we  have  not  yet 
identified  these  organic  liquid  products,  the  fact  that  they  are  very 
volatile  implies  that  they  should  be  readily  separable  from  water  using 
relatively  conventional  means  .(e.g,,  flashing,  steam-stripping  or 
distillation).  Production  of  liquid  fuels  by  SCW  reforming  thus  appears 
to  be  a  viable  process’. 

In  summary,  the  prior  work  at  M.I.T.  has  shown,  that  SCW  reforming  of 
complex  organic  materials  offers  the  potential  of  decomposing  organic 
wastes  to  gases  and  volatile  organic  liquids.  Organic  structures  are 
solubilized  and  broken  down  into  lower  molecular  weight  organics  and 
gaseous  fuels  without  the  formation  of  char.  Processing  takes  place  in 
a  system  closed  to  the  environment  and,  therefore,  virtually  eliminates 
contamination  of  the  atmosphere. 

C.  Oxidation  of  Organics  in  Supercritical  Water 

In  the  temperature  range  of  200  to  300°c,  many  organics  are 
susceptible  to  oxidation  in  the  aqueous  phase.  The  process,  commonly 
called  wet  air  oxidation  (WAO),  is  show  schematically  in  Fig.  23 
(Wilhelmi  and  Knopp,  1979).  The  feed  and  oxidizing  agent  are 
pressurized  to  reaction  conditions  (1500  to  2500  psia),  heated  to 
operating  temperature  and  then  fed  to  a  reactor  for  a  residence  time  of 
0.5  to  1  hr.  The  process  is  usually  effective  for  removing  70  to  95%  of 
the  initial  COD.  The  residual  COD  is  primarily  due  to  innocuous 
aliphatic  acids  (e.g.  acetic  acid).,  which  are  by-products  of  oxidation 
of  more  complex  molecules,  and  which  are  oxidized  very  slowly  under  WAO 
conditions.  Recent  studies  have  shown  WAO  to  be  effective  in  removing 
over  99.9%  of  a  variety  of  toxic  organic  chemicals  (e.g. 

2 .4-dini trotoluene  ,  hexachlorobenzene ,  pentach lorophenol  )  . 
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FIGURE  2 Baaic  Flowsheet  of  the  Wet  Air  Oxidation  Froceee 


Although  WAO  can  be  an  effective  waste  treatment  process,  it  is 
costly  in  terms  of  capital  equipment  and  inefficient  in  recovery  of  the 
heat  of  combustion.  The  process  suffers  from  a  number  of  limitations. 
Under  the  conditions  in  which  oxygen  or  air  are  mixed  with  the  feed,  the 
solubility  of  the  gas  in  water  is  considerably  less  than  that  required 
for  complete  combustion.  For  example,  the  solubility  of  oxygen  in  water 
is  shown  in  Figs.  24  and  25.  Nitrogen  solubility  in  water  is  shown  for 
comparison  in  Figs.  26  and  27  (Pray,  et  a_l.  1952  ).  For  a  feed 
containing  5  wt?  hydrocarbon,  15  wt?  oxygen  is  required  for  comp’ete 
combustion.  By  extrapolation  of  Fig.  24,  at  250°C  (482°F)  a  partial 
pressure  of  oxygen  in  excess  of  25,000  psia  would  be  required  to 
dissolve  enough  oxygen  in  the  water  to  allow  for  complete  combustion. 
Since  this  pressure  is  clearly  not  practical,,  a  two-phase  (water-gas) 
mixture  must  be  fed  to  the  WAO  reactor.  As  a  consequence,  the  reactor 
must  have  provisions  for  agitation  so  ,as  to  avoid  excessive  mass 
transfer  resistance  between  the  phases.  The  reactor  is  an  expensive 
item  'because  it  must  operate  at 'high  temperature  and  high  pressure  with 
a  relatively  large  volume  to  provide  a  residence  time  of  0.5  to  1  hr. 
Because  the  oxiddtion  is  not  complete,  the  off-gas  from  the  process  can 
contain  appreciable  concentrations  of  volatile  organics  and  may  require 
additional  treatment  before  release  to  the  atmosphere. 

.  ’  (  S 

In  addition  to  requiring  a  large  capital  investment,  WAO  is 
inefficient  in  recovering  the  energy  of  combustion  of  the  organic 
components  of  the  waste  feed.  Because  the  reaction  is  relatively  slow, 
the  products  do  not  reach  as  high  a  temperature  as  could  be  attained  bv 
adiabatic  combustion.  As  a  consequence,  the  heat  released  by  combustion 
and  which  resides  in  the  reactor  exit  stream  is  available  at  a  rather 
low  temperature. 

The  MODAR  .concept  for  oxidation  of  organics  is  an  improvement  upon 
WAO  and  represents  a  breakthrough  in  enhanced  efficiency  and  reduction 
in  capital  investment.  In  the  MODAR  process,  the  oxidation  is  conducted 
under  supercritical  conditions.  The  .major  advantages  of  operating 
su perc r i t ica 1 Iv  are: 


.  enhanced  solubility  of  oxygen  and  air  in  water,  which  eliminates 
two-phase  flow; 


.  rapid  oxidation  of  organics,  which  approaches  adiabatic 

combustion  as  well  as  high  outlet  temperatures,  and  very  short 
re  s  idence  t ime  s . 


.  complete  oxidation  of  organics,  which  eliminates  the  need  for 
auxiliary  off-gas  processing; 


67 


Solubility  ml  0  /gH  0 


Figure  24.  Solubility  of  Oxygen  ir.  Water  with  Varying 
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.  removal  of  inorganic  constituents  which  will  precipitate  out' 
of  the  reactor  effluent  because  the  outlet  temperature  is 
above  450-500°C;  and 


.  recovery  of  the  heat  combustion  in  the  form  of  supercritical 
water,  which  can  be  used  as  a  source  of  high-temperature 
process  heat  or  can  be  psed  to  generate  power  in 
conventional  supercritical  turbines. 

In  the  MODAR  oxidation  process,  the  oxidant  (air  or  oxygen)  is  mixed 
with  waste  stream  under  supercritical  conditions.  The  solubility  of 
oxygen  in  supercritical  water  has  not  been  reported  in  the  literature. 
However,  oxygen  and  nitrogen  solubilities  are  comparable  (see  Figs.  24  - 
27)  and  nitrogen  solubility  has  been  reported.  Above  375°C  it  has 
been  f».und  that  nitrogen  is  miscible  in  all  proportions  with  water  and, 
therefore,  it  is  likely  that  oxygen  is  miscible  in  all  proportions  with 
SCW.1  In  other  words,  by  operating  su percri t ica 1 ly ,  it  is  possible  to 
dissolve  as  much  oxygen  in  water;  as  is  needed  for  complete  oxidation  of 
organics.  By  this  means,  the  feed  to  the  oxidizer  is  simply  ’  , 

homogeneous,  single  phase  mixture  of  organics,  oxidant, and  water,  the 
elimination  of  two-phase  flow  simplifies  the  oxidizer  design  by 
eliminating  the  need  for  mechanical  stirring.  In  fact,  the  oxidizer  can 
be  a  tubular  reactor  or  fluidized  bed,  either  of  which  contains  no 
moving  parts.  ■ 

The  rate  of  oxidation  under  SCV  conditions  is  substantially  faster 
than  that  under  WAO  conditions  (<1  min  vs.  0.5  to  1  hr).  While  the 
density  of  the  aqueou s " process  stream  may  be  as  much  as  an  order  of 
magnitude  less,  the  oxidizer  vessel  volume  is  still  significantly  less 
than  that  required  for  WAO.  ■  Since  the  oxidation  process  i9  very  rapid, 
reactions  in  the  oxidizer  vessel  will  approach  adiabatic  operation.  In 
other  words,  the  heat  losses  from  the  oxidizer  vessel  are  negligible  and 
the  oxidizer  effluent  contains  essentiallv  all  of  the  heat  of 
oxidation.  The  outlet  temperature  of  the  oxidizer  is  determined  by  the 
concentration  of  organics  in  the  SCW/ feed  mixture,.  For  example,  when 
this  mixture  contains  5  wt*  organics  and  enters  the  oxidizer  vessel  at 
400°C,  the  oxidizer  outlet  temperature  will  be  on  the  order  of  550  to 
600°C.  This  temperature  range  is  more  than  sufficient  to  drop 
inorganic  solubility  to  very  low  levels.  Therefore,  inorganics  are 
precipitated  out  during  oxidation. 

After  removal  of  solids  from  the  oxidizer  effluent,  the  fluid  phase 
is  a  mixture  of  water,  carbon  dioxide  and  nitrogen  (if  air  is  used  as 
the  oxidant)  at  high  temperature  (550-600°C)  and  high  pressure  (3700 
psia).  As  shown  in  Fig.  2,  part  of  this  stream  is  tapped  off  to  mix 
with  fresh  feed.  In  this  maimer,  incoming  feed  is  heated  rapidly  to  the 
SCW  conditions  required  for  reforming. 
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D.  Details  of  Chemical  Analysis  Procedures 


1.  Gas  Chromatography  and  Gaseous  Effluent.  The  gas  chromatograph 
is  manufactured  by  Carle  Instruments  and  is  designed  for  the  analysis  of 
twenty-five  components  (Fig.  28).  This  instrument  has  a  specially 
designed  Hydrogen  Transfer  System  (HTS)  and  a  dual  Thermal  Conductivity 
Detector  (TCD),  which  give  it  the  capability  for  sensitive  and  linear 
determination  of  hydrogen  and  other  components  with  a  single  injection. 
All  components  except  hydrogen  are  measured  in  a  thermal  conductivity 
detector  with  helium.  Hydrogen  is  eluted  with  the  helium  carrier  gas, 
but  is  then  transfterred  via  the  HTS  into  a  nitrogen  carrier  before 
measurement.  Dual,  independent  TCD's  are  used  for  the  two  carriers  but 
they  are  wired  into  the  same  bridge  circuit.  Thus  all  peaks  are  in  the 
same  direction,  and  since  hydrogen  is  separated  by  the  system  before 
measurement,  the  signal  is  not  coincident  with  any  other  component  of 
the  sample.  The  output  from  the  GC  is  monitored  by  a  Perkin-Elmer  Sigma 
10'  Data  Station  which  plots,  integrates,  reports,  calibrates  and  stores 
data  from  the  analyses.  The  total  time  of  the  analysis  may  vary  from  13 
to  45' minutes  depending  on  the  components  of  interest. 

2.  Process  Analyzers.  The  Model  864/5  Beckman  Infrared  Analyzers 
automatically  and  continuously  determine  the  concentration  of  carbon 
monoxide  and  carbon  dioxide  in  the  flowing  mixture.  The  analysis  is 
based  on  a  differential  measurement  of  the  absorption  of  infrared 
energy.  The  instrument  has  a  wide  range  of  applications,  subject  only 
to  the  limitation  that  the  analysis  involves  3  single  component  which 
must  absorb  '  infrared  energy  at  a  wavelength  for  which  no  other  component 
of  the  mixture  absorbs. 

The  Model  755  Beckman  Oxygen  Analyzer  provides  continuous  readout  of 
the  oxvgen  content  of  a  flowing  gas  stream.  The  determination  is  based 
on  measurement  of  the  magnetic  susceptibility  of  the  gas  sample.  Oxygen 
is  strongly  paragmagnet ic  while  other  Common  gases  with  a  few  exceptions 
are  weakly  diamagnetic. 

These  instruments  provide  direct  readouts  on  their  front  panels  and 
are  directly  connected  to  the  Analog  Devices  MACSYM  to  give  direct 
readings  to  the  computer. 

3.  TOC  Analysis  of  the  Liquid  Effluent  The  Beckman  915B  Total 
Organic  Carbon  Analyzer  (TOCA)  is  used  ior  the  liquid  effluent  stream. 
The  analysis  is  done  by  subtracting  inorganic  carbon  (IC)  concentration 
from  the  total  carbon  (TC)  concentration  to  give  total  organic  carbon. 
Alternatively,  the  sample  is  acidified  and  sparged  to  remove  carbonates 
and  then  analyzed  for  total  carbon.  The  operating  principle  of  the  TC 
channel  is  that  all  organic  carbonaceous  material,  together  with  any 
inorganic  bicarbonates  and  carbonates,  will  be  completely  converted  into 
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carbon  dioxide  (CO^)  when  a  sample  is  subjected  to  a  temperature  of 
approximately  950°C  in  the  presence  of  a  suitable  oxidizing  catalyst 
.  (Fig.  29). 

After  the  conversion,  a  continuous  flow  of  carrier  gas  conveys  the 
C02  to  the  flow-through  sample  cell  of  an  infrared  analyzer  sensitized 
for  detection  of  CO^.  Before  entry  of  the  gaseous  sample  into  the 
cell,  water  vapor  is  condensed  and  removed  to  ambient  dewpoint  levels. 

The  signal  output  from  the  infrared  analyzer  is  routed  through 
,  microprocessor  circuitry  to  provide  direct  readout  in  ppm  of  carbon  in 
the  injected  sample. 

The  IC  concentration  is  determined  by  injecting  a  second  sample  into 
the  inorganic  carbon  channel.  Here,  the  temperature  is  maintained  at 
155°C.  No  catalyst  is  present;  instead,  quartz  chips,  coated  with 
phosphoric  acid,  are  contained  in  a  quartz  reaction  chamber.  Inorganic 
carbon  compounds,  such  as  bicarbonates  and/or  carbonates,  react  with  the 
acid  to  form  CO,,  according  to  the  following  acid/base  reactions: 

(Bicarbonates)  HCO  ~  +  H,PO,~  >  CO,  +.  H„0  +  H„PO~ 

J  J  4  2  2  .24 

(Carbonates)  CO^  +  H-jPO^-- >  C0?  +  H20  +  HP04= 

Because  of  the  relatively  low  temperature  and  the  absence  of  a  catalyst, 
none  of  the  organic  carbon  present  is  converted  into  C()?. 

Once  the  value  of  the  inorganic  carbon  peak  is  obtained,  it  can  be 
subtracted  from  the  total  carbon  value  previously  established.  The 
resulting  difference  is  the  total  organic  carbon  concentration  of  the 
sample. 

Where  TIC  levels  are  very  low,  (typicallv  0.5  to  2.0  ppm),  the  two 
channel  difference  method  is  usually  unsuitable  because  of  the 
:elatively  high  C02  concentrations  in  our  liquid  effluent.  Thus,  it 
is  necessary  to  remove  the  inorganic  carbon  by  acidifying  the  sample  to 
about  pH  2,  followed  by  sparging  with  a  stream  of  clean,  C0?-free  air. 

4,  GC/MS  Analysis  of  the  Liquid  Effluent.  The  liquid  effluent 
sample  is  mixed' with  an  approximately  equal  amount  (40-50  ml)  of 
dichloromethane  and  vigorously  shaken  for  a  few  minutes.  After  the 
phases  have  settled,  3n  aliquot  (5-30  ml)  of  the  dichloromethane  phase 
is  withdrawn  and  concentrated  to  1.0  ml  in  a  Kuderna-Dani sh  apparatus. 

It  is  blown  down  further  with  a  flow  of  dry  nitrogen  to  0. 1-0.5  ml.  One 
microliter  of  this  solution  is  injected  into  a  stand-alone  gas 
ch romatograph  and  an  aporopriate  aliquot  (1-2  ul,  depending  bn  the 
concentration  of  the  solution  as  judged  from  the  GC  experiment)  is 
injected  into  the  GC/MS  system. 
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A  Varian  3700  gas  chromatograph,  equipped  with  flame  ionization 
detector  .’td  automatic  integrator,  is  used  for  stand-alone  GC  analysis. 
Columns  are  15  m  fused  quartz  coated  with  either  SE-30  or  SE-52.  It  is 
held  at  45°  for  1  min  and  then  heated  at  6°/min  to  300°C.  A  dual 
pen  recorder  records  simultaneously  at  2  mV  full  scale  and  one  other 
sensitivity,  either  20  or  50  mV  full  scale. 

Another  Varian  3700  gas  chromatograph  is  coupled  to  a  Varian-mat  212 
double  focusing  mass  spectrometer  via  an  open-split  interface.  The 
conditions  on  the  gas  chromatograph  are  the  same  as  on  the  corresponding 
star.d-alone  GC  run.  The  mass  spectrometer  is  scanned  from  M/Z  of  30 
through  500  at  cycle  times  ranging  from  2.0  to  2.8  seconds  (but  is 
constant  for  each  separate  set  of  experiments).  The  resolution  of  the 
mass  spectrometer  is  set  to  1:1000. 

The  GC/MS  is  interfaced  to  a  Varian-mat  SS-200  data  system.  It  is 
based  on  a  PDP  11/34  equipped  with  80  K  core,  twc  discs  totalling  5  M 
words  capacity  and  a  magnetic  tape  drive.  Data  can  either  be  processed 
and  evaluated  cn  this  data  system  or  transferred  via  tape  to  a  PDP  11/45 
computer  with  120  K  core,  a  tape  drive  and  a  350  M  byte  disc.  This 
computer  contains  all  tiie  mass  spectrometry  data  processing  and 
evaluation  programs  developed  at  M.I.T.  over  the  years. 

The  data  are  searched  for  compounds  of  interest  either  by  inspection 
of  the  mass  spectra  at  GC-peaks  in  the  proper  retention  areas  or  by 
plotting  mass  chromatograms  of  the  characteristic  masses  of  the 
compounds  (e.g.  M/Z  of  154,  188,  222,  256,  290,  358,  392  and  426  for 
biphenyl  through  octachlorobiphenvl ) ,  followed  by  inspection  of  the  mass 
spectra  of  these  maxima. 

Alternatively,  the  data  can  be  transferred  to  the  PDP-11/45  and 
selected  mass  spectra  compared  with  the  NIH/EPA/MSDC  mass  spectral 
library  or  automatically  microfilmed  for  easier  visual  inspection. 

As  a  search  for  tetrachlorodibenzodioxins  and  tetrachloro- 
dibenzofurans ,  the  mass  chromatograms  of  M/Z  320  and  304,  respectively, 
are  plotted  and  the  mass  spectra  at  any  maximum  in  the  plot  are 
inspected  for  tie  characteristic  M/Z  320,  322,  324,  326,  328  pattern 
(  304,  306,  308,  310,  312  for  TCD'r).  If  an  indication  of  one  of  these  . 
compounds  were  found  the  entire  spectrum  of  the  compounds  in  the 
chromatographic  peak  would  be  compared  to  the  authentic  spectra. 

After  identification  of  the  components  of  interest,  their 
concentrat  ion  is  estimated  from  the  stand-alone  GC  trace.  Peak  heights 
are  determined  and  converted  to  nanograms  by  use  of  known  amounts  of 
standard  solutions. 

It  should  be  noted  that  when  partial  oxidation  experiments  were 
made,  some  of  the  GC ' s  of  the  liquid  samples  were  very  complex.  The 
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effort  of  identification  and  quantitation  was  mainly  directed  towards 
those  components  related  to  the  feed,  and  to  detection  of  dioxins  and 
dibenzofurans . 

5.  Inorganic  Chloride  Concentration  of  the  Liquid  Effluent. 

Chloride  was  determined  with  an  Orion  Model  407  specific  ion  meter 
provided  with  a  chloride  electrode  Model  94-17.  This  device  allows  free 
chloride  in  aqueous  solution  to  be  measured  quickly,  simply  and 
accurately.  The  ionic  strength  is  maintained  about  0.1  M  by  addition  of 
2  ml  per  100  ml  of  an  ionic  strength  adjuster  (ISA). 

6 .  pH  of  the  Liquid  Effluent.  The  pH  was  measured  with  an  Orion 
Digital  pH/mV  Meter  Model  /*601A  and  a  combination  reference/pH  electrode 
from'Fisher  Scientific  (Model  #  3-639-94). 

7.  Nitrate  Concentration  of  the  Effluent.  Nitrate  was  measured  by 
an  Orion  ion  specific  electrode:  Model  93-07m  attached  to  an  Orion  Model 
407  specific  ion  meter.  The  ionic  strength  of  standards  and  samples  was 
adjusted  to  a  minimum  of  0.12  molar  with  ammonium  sulfate  solution. 
Electrode  operation,  maintenance  and  calibration  procedures  were 
performed  on  a  regular  basis,  conforming  with  good  laboratory  practice. 
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